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Abstract

Quantum Magneto-Straintronics Transport in Graphene: A Realistic Model

Lorena Reis de Lima

The main objective of this research project is to develop an applied theoretical model to de-
scribe the quantum transport of a suspended monolayer graphene transistor under the presence of
a magnetic field and unaxial strain. In the literature, we find several theoretical models for study-
ing monolayer and multilayer graphene under several conditions and considering different physical
properties such as spin. Although those proposed models predict interesting physical phenomena,
such as magnetic confinement of particles, they are unrealistic and often incomplete in terms of ex-
perimental design. Here, we present a sophisticated model using a more applied approach, enabling
future realistic experiments and the extraction of important experimental data regarding physical
phenomena such as quantum magneto transport in strained graphene junctions, bridging theory and
experiment. In order to do so, we develop a set of mathematica codes to calculate conductivity for
monolayer graphene, considering both magnetic field — which contributes to the Hamiltonian as a
vector potential- and the uniaxial mechanical strain ( x direction) — which contributes with strain
induced potentials. Two main new device geometries are introduced in this thesis: a transistor with
a magnetic field applied to its channel and another with both magnetic field and unaxial mechani-
cal strain. We report that those devices are candidates for quantum electronic components, which
should be of much interest for applications. They have a high on-off ratio and their conductivity is

easily suppressed by the presence of a magnetic field and mechanical strain.
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Chapter 1

Magneto-Transport In Strained
Graphene: Why An Applied Model Is
Needed?

1.1 Motivation to Bridge Theoretical and Experimental Quantum Strain-

tronics

Straintronics in 2D materials - especially in graphene - is an exciting field to explore for many
reasons, such as: tailoring energy and quantum transmission of electrons [4], induction of strong
gauge fields generating pseudomagnetic quantum Hall effects and Landau Levels [5, 6, 7]; valley-
polarized quantum transport [8]. In the literature, one may find a rich variety of experiments and
theoretical models regarding strained graphene [9, 10]. However, when it comes to applied models
that add magnetic fields [11] in strained graphene devices, we still need theories that take into
account realistic physical aspects in order to bridge theory and experiment. In this project, we
aim to develop a realistic applied model for an experimental device that includes both strain [1]
and magnetic field [2, 12, 13]. We focus on developing an applied model that enables us to start
exploring quantum-magneto-strained monolayer graphene transistors. We aim to introduce a theory

that is able to show that is possible to build those type of devices and also that this technology will



enable us to manufacture, in the future, better graphene transistors [14, 15, 16, 17]. For example, we
want to show that this new class of transistors has a better on-off ratio, that the magnetic field and
the strain combined makes it easier to control its conductivity, that the presence of the magnetic field
will make it possible to build high quality graphene transistors with less mechanical strain applied,
when compared with other strained transistors in the literature [1].

In one of our group’s recent work [1] we explored Graphene Quantum Strain Transistors (GQST)
by proposing a realistic experimental platform for uniaxial strain in ballistic graphene. The device
consisted in a suspended GQST, where unaxial mechanical strain could be applied in the graphene
crystal acting as the channel of the transistor. This work compiles some of the most recent efforts
to control quantum transport in graphene by means of a mechanical strain. It also gives us space to
think about what possible effects could be observed if we took into account not only the presence
of a strain induced gauge potentials [18], but also the contribuition of a real external magnetic field
applied to the sample. How easy would it be to control both quantum and magnetic transport prop-
erties? Could we observe exciting effects such as Landal Levels (LL) and the Quantum Hall Effect
(QHE)?Which additions to the theory would be necessary? Those are the questions that guided and

inspired the development of the present thesis.
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Figure 1.1: Previous work by a former member of our group, on the quantum-straintronics transport
in graphene [1]. Figure 1.1(a) shows a top-view perspective of the graphene device design used
to study the effects of strain on the quantum transport in graphene. Figure 1.1(b) highlights the
geometrical aspects of the experiment, showing how mechanical strain is added to the suspended
channel.




X

- Fermi Surface
N

Figure 1.2: Some of the important theoretical aspects of graphene: (a) Shows its crystal structure,
(b) from left to right: honeycomb lattice with emphasis on the Bravais lattice, shown in dashed
(the lattice made of solid lines is the actual crystal structure). We can also visualize the cells with
real space lattice vectors @1, @» and nearest neighbors distances 5}, 53 and 5?;.(c) Shows its energy
bandgap obtained via tightbinding calculations. (d) Shows part of its lattice in the reciprocal space,
focusing on its Brillouin zone.

1.2 Physics Background To Calculate Ballistic Conductivity in Graphene

1.2.1 A Brief Introduction to Graphene

Graphene is a bidimensional material made of carbon atoms. Its crystal structure has the form
of a honeycomb. Its lattice has a spacing of v/3a, were a is the spacing between neighboring atoms.
Its basis contains two atoms per unit cell, labelled as A and B, generating two sub-lattices, as shown
in figure 1.2.(a).

Graphene electronic transport can be modelled by a Dirac Equation, where the Fermi velocity

plays the role of the limit velocity of charge carriers. Using a tight-binding approach, one may find



its energy dispersion is:

3ak, ak 3ak, ak
E(k) = £|v[4/3 + 2[005 <2\/§ — 2y> + cos <2\/§ + 2y> + cos (ak:y)} : (1.2.1)

A graphic visualization of 1.2.1 is given in Figure 1.2.(a).

In terms of the Dirac equation, the graphene Hamiltonian can be written as:
H = —ivphd -V . (1.2.2)

Vr corresponds to the Fermi velocity of the charge carriers, 7 is the Planck constant and & is the
Dirac matrix operator.

When developing an applied theory to describe graphene transistors, Equation 1.2.2 will be
the key equation for our calculations. We will modify this Hamiltonian for the problems we want
to solve (for example, strained graphene), by adding the apropriate potentials which contain the
information of strain, magnetic field, etc [15].

In the following Chapters, we will discuss in details how these modifications take place.

1.2.2 From Pure Theory to Applied Theory: How to Simulate Graphene Transis-

tors?

In order to go from pure theory to a device in the real world, we have to be able to modify the
graphene Dirac Equation following the correct steps and adding the correct experimental parameters
to the Equation. The steps done in the present work can be divided as: writing down the correct
Hamiltonian with the correct added potentials; identifying the correct boundary conditions for the
case we are working on; solving the eigenvalue problem to get the eigenfunctions for each region
of the device (source, channel and drain); with the eigenfunctions, solve the boundary condition
problem to get an Equation for the transmission amplitude; getting the transmission probability by
taking the modulus square of the transmission amplitude; summing the transmission probability of
all the transmission modes to get the total conductance or conductivity.

In order to clarify our methods, below we give a detailed example on how to follow these steps.



We give the example of an unstrained graphene device, a known problem solved by Tworzydlo et

al. [3].

The Hamiltonian

The Hamiltonian describing an unstrained graphene device at low energies is given by the fol-
lowing Equation:
hv I3 Oy 895 + o y ay 0

— v=FW. (1.2.3)
v 0 00, — 0y0y

This is the full Hamiltonian, meaning it takes in consideration the contribution of the wavefunctions
from the K and K’ Dirac points in graphene. However, the valley degeneracy allows us to rewrite
the Hamiltonian in terms of only one of the symmetry points - e.g., the K point [3]. Thus, Equation

1.2.3 is rewritten as:

0 k—ig A
hop | "le=F,v . (1.2.4)
k+ign 0
Here, the index n stands for the quantization of the problem, i.e., it corresponds to the n — th modes,

as detailed by [3]. —id, was replaced by k and —10, was replaced by ¢p,.

Solving for Eigenfunctions

With Equation 1.2.4 in hands, we can now diagonalize the Hamiltonian to obtain the eigenfunc-
tions. First, we need obtain the eigenenergies, by using the known linear algebra diagonalization
method:

Det|(H — E,I)| =0 , (1.2.5)

where H is given by 1.2.4, E,, is the set of eigenenergies and [ is the identity matrix with the same

dimensions as our Hamiltonian. Performing the calculation, we obtain:

By =+h\k2+ ¢ . (1.2.6)



Using Equations 1.2.4 and 1.2.6, we solve in Mathematica for the plane wave solutions of the

Hamiltonian:

1
Wy yka = an N k+ig, |exp(igny)exp (ikz) , (1.2.7)

Where ¢, and k are, respectively, the y and x component of the linear momentum operator.

Solving the Boundary Problem: Transmission Probability and Conductance

Using the eigenfunctions obtained for the unstrained graphene Hamiltonian, we can now define
the boundary condition Equations to obtain the transmission amplitude. Basically, we are solving
a quantum barrier problem. We imagine the incident wavefunction coming from the left (in ex-
perimental terms, the charge carriers coming from the device’s source), at some energy F,, in the
n — th mode. This incident wave is attempting to go through the channel and the drain. The regions
(source, channel, drain) are defined, respectively, as region I (x < 0), region I (0 < x < L) and
region III (x > L):

Uy, for z < L

Ui, for0<z<L > (1.2.8)

\I/[]], for x > L

where:
Ur =Y, pka + ¥y —ka » (1.2.9)
Uir=on¥, ity o ku (1.2.10)
Vi =taVe, ykaL » (1.2.11)

The k and & correspond, respectively, to the value of k in the scattering state incident from the left
at energy E and the value of k when it reaches the n — ¢th mode. If this were the strained case, they
would represent k for the unstrained and unstrained case, and gn = qn — Ay, were A, is the strain
induced potential.

The parameters r,, t,, o, and 3, correspond, respectively, to the reflection and transmission



coefficients and constants associated with the normalization of the wavefunction. L is the length of
the device, usually of the order of 102 nm.

Using the continuity of the wavefunction,

L\ = Uy , (1.2.12)
=0 T=0
Vrr =V , (1.2.13)
z=L =L
and solving the two Equations above for ¢, the transmission amplitude is found as:
Lk
- - = - . (1.2.14)
kkcos (kL) —i(—q2 + \/(k2 +q2)(k? + ¢2))sin (kL)
Using the fact that T}, = |t,,|?, the transmission probability is given by:
k2 k>
(1.2.15)

K2R2 cos (RL)” + (=g + /(&2 + g2) (k2 + 2))? sin (kL)°

After the transmission probability is found, one can get the conductance GG, by summing over all of

the possible transmission modes:

Nma:cfl

G=go Y Tu. (1.2.16)
n=0
2
where gy = o The conductivity is given by:

L
=GEX — . 1.2.17
o X 57 ( )

In Equation 1.2.16, N,,4, corresponds to the maximum number of transmission modes, set by

contact doping. This quantity is given by:

EplW 1
Ny = ZEIWV L (1.2.18)
hvp 7 2

The parameters Er and W correspond, respectively, to the Fermi energy and the width of the device.



1.3 Experimental Parameters for Modeling Quantum Magneto-Straintronics

Transport in Graphene

Our main goal is to be able to calculate the G (or also ¢) in our simulated devices, given a
set of tunable parameters. For the case of a monolayer graphene transistor that is suspended and
strained, the tunnable parameters are gate voltage (Vz) and mechanical strain (€,,,ecn,). When the
magnetic field is added, the field is also one of the tunnable parameters. In this section, we describe

the parameters needed to build our theory.

1.3.1 Device Parameters
Length (L) and Width (W)

The dimensions of the graphene chip are very important parameters and sometimes can be
limited by the theory. Here, we refer to the length L as the x-dimension of the graphene channel
in our transistor. In real devices produced by our group, L is usually of the order of 90 nm. For
computational simulation, this real value can be used, but also replaced by some value of the order
of 100 nm, in order to reduce the running time of the code.

The width W refers to the width of the channel, in experiments it is usually around 640 nm, but

in simulations, it can be fixed at 1000 nm, in order to facilitate calculations.

Fermi level (¢ ), Strains (¢, ¢g) and Gate Capacitance (c)

The Fermi level in the channel (1o ) is one of the most important parameters that enables us to
study the charge conductance of the device. This potential is usually adjusted by the value of gate
voltage. It also depends on the charge doping from impurities present in the device channel (1,,p,).
How much we can tune pc g will be dictated by the gate capacitance (cg), which affects the density
of charge carriers due to electrostatic gating (n4¢). If there is no strain and n;y,, = 0, poH, Mot

and cg are given, respectively, by:

por = hvp/mAbs[nor] s (1.3.1)



C
Ngor = ?G(VG ~Vp) , (13.2)

. €vac€SiOy
dSiOz €vac T dvaCESiOg

e (1.3.3)

€vac = 8.85 x 1072 F/m and €g;0, = 3.9 x 8.85 x 1072 F/m are respectively the permittivity of
vacuum and the permittivity of SiOs, while dy,. = 200 nm and dg;02 = 100 nm in experiments.
For simulation purposes, we usually assume the silicon oxide thickness is 0 (to maximize the energy
range) and that the thickness of the vacuum is around 50 nm. With those values, we get cq =
1.7 x 10~* Farad/m?.

The gate voltage range is usually between —15 V and 15 V. Later in this thesis you will see that
this range can slightly change due to some restrictions in the model, or because we needed to reduce
the code running time, and other details which will be later introduced.

In the Mathematica code, we use the contact doping to be of the order of 0.1 eV (or 0.087 eV).
However this value can vary. Our previous experiments show that o ~ 55 meV [19].

When strain is applied to the device, the Equation for n;,; will change. The strain will enter
the Hamiltonian as an scalar potential, originated both from the €,,..;, applied to the sample and
€thermal, that is a built in strain due to thermal contraction. This latter one remains constant during
the experiments.

Usually, the total strain €;,; ranges from 0% to 3%. As we will see later in this thesis, because
of the presence of the magnetic field, only a small amount of strain will be needed to control con-
ductivity. In experiments, €tpermar = 1.3%, however in our codes we usually consider it to be zero
since, at the moment, it is not within the scope of this work to deal with the thermal contributions.

Given those details, when considering strain, n, becomes:

ge(1 —v) (e + €0)?
m(hog)? ’

C .
Mot = ;G(VG — Vp) + sign|ge] (13.4)

where v is the Poisson ratio [20] and g, is the change in the work function per percent of strain [21].



1.3.2 Instrumentation Parameters
The Mechanical Strain (¢,,,..1,)

The mechanical strain will depend on several experimental parameters, such as the dimensions
of the sample, the clamps put on the device, how much the sample is bent by the means of the push
screw. When the screw is pushed (z-direction), the sample will be stretched in the x-direction, i.e.,

the gold clamps will move apart by a certain dx (see Figure 1.1). This dx is given by:

Ar = —Az , (1.3.5)

Emech = — . (1.3.6)

The Magnetic Field

The magnet used in Champagne’s laboratory are made of Helmoltz superconducting coils, en-
abling us to produce large fields. The sample is placed inside the cilyndrical bore (interior of the
magnet), and is subjected to a uniform magnetic field perpendicular to the sample (z-direction). The
magnet can produce a field up to 9 T.

In terms of calculations, the magnetic field enters the Hamiltonian as a vector potential. For our
simulations, due to theory limitations that will be explained later, we were limited to fields up to

2.03T.

What Does the Code to Get the Conductivity Looks Like?

With all of these important paramaters and theoretical background, a code can finally be written.
The code language is chosen to be Mathematica. The code is actually divided in three Mathematica
notebooks: “Parameters”, “Transmission Equation™ and ”Conductivity”. The Parameters notebook
is filled with all the relevant experimental parameters and physical constants. It also defines arrays to

store data for conductivity, Fermi energy, gate voltage and other parameters related to the potentials

10



added to the hamiltonian (for example, mechanical strain and magnetic field). The Transmission
Equation notebook solves the boundary condition problem to get the transmission amplitude, taking
its modulus square to get the mode transmission, and then exports the simplified version of the
equation to a mathematica file that is going to be read in the conductivity code. The Conductivity
code uses the parameters and the mode transmission to calculate the transmission over all modes
(conductance), the conductivity (Equation 1.2.17), Fermi energy, the strain, the magnetic field and

in some cases the Fano factor. A flowchart of the code is shown in Figure 1.3. Inside the for loops,

conductance
code

experimental Transmission
5 —» | 1Impor .
parameters p ] equation

define
Tn modes

v
increase
strain

v
increase
Vg

¥

sum over
Tn modes

¥

export >
dgta

Figure 1.3: Flowchart to depict the structure of the code developed to calculate transport properties
for monolayer graphene transistors. The dashed box indicates where to add loops for quantities such
as strain and magnetic field.

quantities such as the density of states, Fermi energy in the contacts, charge carriers density, vector
potentials along y-direction in each Dirac cone, amongst other quantities, are calculated, in order to
get the transmission in terms of these experimental parameters. This is essentially what makes the
simulation closer to real world experiments.

All the codes are available in this thesis, in the Appendix A. Mathematica files of the codes can

be provided by the authors upon reasonable request.
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1.3.3 Thesis Structure

This thesis is organized in 4 Chapters. The first Chapter introduces graphene, the motivations
of the work, gives an outlook of the state of the art in terms of an applied theory to model ballistic
transport in graphene, discuss the main parameters (device and instrumentation) necessary to build
this theory and the step-by-step general guide to calculate conductivity.

In Chapter 2, we start from a theory to describe the magneto-transport of Dirac fermions in
graphene, and we expand that theory by adding experimental parameters to it, in order to calculate
conductance.

In Chapter 3, we combine the magneto-transport theory developed in Chapter 2 with the strain-
tunable transport theory developed previously by [1]: we add strain to the magneto-transport. This
chapter is dedicated to introduce an applied theory to describe the quantum-magneto-strain transport
in a graphene transistor.

In Chapter 4, we give an outlook of the impact of this thesis and give some ideas on how to
continue this project. We also highlight the main results obtained in this research.

In the Appendix A, we provide the Mathematica notebooks in PDF format. We added them in

order of utilization and we will refer to them in the apropriate chapters and sections.
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Chapter 2

Modelling Ballistic Magneto-Transport

Experiments

In this Chapter, we add magnetic field to the graphene Hamiltonian, for a graphene transistor
with magnetic field in the channel of the device. We solve for the wavefunctions in each region
(source, channel, drain), solve the quantum barrier problem with the apropriate boundary conditions,
get the transmission expression and use it to calculate the conductance of the transistor. This is a
new contribution, since there was no previous work, to the best of our knowledge, which did this
kind of calculation for an applied device including the parameters introduced in Chapter 1.

We also verify that this magneto-transport calculation agrees with the previous transport results
when there is no magnetic field [3, 1, 22]. Finally, we show some simulation results for conductivity

and we discuss the data obtained.

2.1 Applied Theory for Quantum-Magneto Graphene Transistors

2.1.1 Deriving the Hamiltonian for Graphene in a Magnetic Field

In this problem, we have a monolayer graphene device, where the channel is submited to a
static 2 magnetic field (see Figure 2.1), which is oriented perpendicular to the graphene plane [2].
However, B = 0 in the source and in the drain of the simulated device. We then have a quantum

magnetic barrier to solve, similar to the standard problems of quantum barriers we find in quantum
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T >d
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—d Channel lenght (L) d

Figure 2.1: Cartoon depicting the device developed by merging [2] theory and our applied model.
(a) Shows a representation of how the graphene transistor would look like. (b) Highlights the phys-
ical parameters used to describe the model. W;,(x) is the incident electronic wavefunction that
comes from the source. The other wavefunctions are the eigenfunctions of the graphene Hamil-
tonian in each region of the device. The gold leads were drawn transparent to emphasize that the
electrons are injected into the channel from graphene contacts from the gold directly.

mechanics textbooks. A sketch of the experimental device is shown in Figure 2.1. For simplicity,
we do not take into account the electronic spin degree of freedom. We model the problem using the

Dirac equation formalism, as shown in the Equation 2.1.1:

—

g-p+ ff(:v,y)]@(x,y) = EY(z,y) . (2.1.1)

o l®

The & represents the Pauli Matrices — in this problem, we take into consideration only o, =

01 0 —1
and oy = . The eigenvectors W(zx, y) are spinors, given by:
10 1 0

U(z,y) = . (2.1.2)
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Using the second Landau gauge, we write the vector potential as

—

Alz,y) = A(x)g (2.1.3)
with the following relation between the magnetic field and the vector potential:
A(z) = B,y . (2.1.4)

Given that the transverse momentum pj, is conserved and using the Pauli Matrices, we can rewrite

Equation 2.1.1 as the following set of coupled Equations:
[ EA(x)}\I/i(x) — BV (1) . (2.1.5)
We can write this system of coupled Equations as a 1 dimensional Schrédinger decoupled Equation:
[ai — Vi(z) + 62} Uy(z)=0, (2.1.6)

where

2
Vi(z) = :EZOIA(:E) + [py + 214(:17)} . (2.1.7)

2.1.2 Deriving the Transmission Equation

To solve the previous equation, we consider that there is only magnetic field within the chanel

of the device, i.e.,

. Byz, for—d<zx<d
B = (2.1.8)

0, otherwise.

It is convenient then to write the magnetic field as a Heaviside step function:

B(z,y) = Bob(d* — 2?) . (2.1.9)
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We can also write an expression for the vector potential for each region of the device: the source

(x < —d), the drain (x > d) and the channel (|z| < d), as the following:

p
—d, for x < —d (RegionI)

Alz) = 2 Yo for |z] <d (Regionll) - (2.1.10)
B

d, for x > d (Region III)

[ h
where Ip = N is the magnetic length.
ebo

The electronlike incident wavefunction that enters the device via source, up to the normalization

constant, has the following format:

1
U (z) = Pa +i(py — d/l%) exp ipzT , (2.1.11)

p|

where |p| is a normalization that includes the normalization of the wavefunction and the normaliza-
tion of the p momentum vector. Notice that there is a shift in the momentum in the y direction. This
happens because of the Landau gauge we used.

Let ¢ and ¢’ be, respectively, the incident angle and the scattering angle for the wavefunction.

Thus, it is natural to chose to rewrite our momenta in this new parametrization. Thus, we get:

Dz = €COS P, py:esinqﬁ—ké , (2.1.12)
Py =ccos¢’, pl, = esin ’—l% : (2.1.13)
B
where we found sin ¢’ using the fact that p, = p;, thus
sing = -4 4 sino . (2.1.14)

2
ely

In Figure 2.1.b, we can visualize better the physical problem we are trying to solve.
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Plugging condition for region I from 2.1.10 into 2.1.7 we obtain the following differential Equa-
tion:

d d
[0§_p§+2pyl2_l4+62]‘1’i($) =0. 2.1.15)
B B

Proceeding in the same fashion for regions II and III, we obtain, respectively:

2 1 2 €z a? 2
8x:|:l7—py—2pyl7—l7+e Uy(x)=0, (2.1.16)
B B B
2 2 d d? 2
az_py_prﬁ_lT_'_e \IIi(a:):(). (2.1.17)
B B

The scattering state U;,, (x) can be written for the source, channel and drain as the following:

/

Uy, for x < —d

U, for |z|<d > (2.1.18)

Wi, for x>d

where:
Ui =Y, phe+ Y,y —ka (2.1.19)
Vir = an¥o, ke + ¥y ke > (2.1.20)
\I[]II = tnqjqn,y,k,xl—xz (2121)
where:
1 ‘ 1 '
Ur(z) = exp (ipzx) +r exp (—ipzx) , (2.1.22)
exp (i¢) —exp (—i¢)

D(cip)2j2-1[£V2(x /1) + pyls]
Urr(x) =Yicy (2.1.23)

V2
ile\l/;D(ezBﬁ/ﬂi\/i(%/lB) + pylB]
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and
1 ,
Urrr(z) = t\/pz /D, exp (ipyz) , (2.1.24)
exp (i¢')
are the eigenfunctions of the Schroedinger Equations 2.1.15-2.1.17.
In Equation 2.1.23, D, are parabolic cylinder functions [23], a type of special functions that

arise in solutions of some type of differential Equations.

By solving the Boundary Condition problem, i.e., the system of Equations

\III(QThyakv _d) = \IIII(anyak7_d) (2125)

and

Uir(gn, v,k d) = Vrr1(qn, y, k,d) , (2.1.26)

we get the transmission amplitude:

2iel /20!
L e Bmcos (¢) (ufvy +vfuy) . (2.1.27)
exp [I(ps + pl,)d)D

The Operator D is given by

D = (clg)?exp [I(¢ — ¢)(ug vy — v3uy) — 2(vi vy —vyvy)

+ IV 2elglexp (I¢) (v uy +ugvy) +exp (—I9)(ufvy —viuy)] , (2.1.28)

where
uF = D2 /o1 [EV2(—d/lp) + pyls) (2.1.29)
Vi = D22 [£V2(—d/15) + pyls] . (2.1.30)
Uz = Dy 1[EV2(d/1B) + pylp] | (2.1.31)
03 = Dap)22[£V2(d/1B) + pyls] - (2.1.32)

We obtain the transmission probability by taking the modulus squared of the transmission amplitude.
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L. R. De Lima,
L. Huang, A. R. Champagne, et al.

L. R. De Lima,
L. Huang, A. R. Champagne, et al.

| De Martino, 2007 | | | | De Martino, 2007 | |

Figure 2.2: Comparison between transmission probability graphs obtained by [2] (graphs in the
left) and by our code (graphs in the right). We use the same colors as the original author for better

L . o : . : —m
visualization. The transmission probabilities are calculated in angles inside the interval [2, 2} .

Because the scattering angle ¢’ can only be calculated with Equation 2.1.14, this implies that for
certain incident angles, there will be no transmission. All incident angles will lead to reflected states
if

kplp <d/lp . (2.1.33)

In Figure 2.2, we reproduce some of the possible transmission probabilites given this condition,

from reference [2].

2.1.3 The Code

The code for calculating the magneto-transport properties of the simulated device introduced
here is very similar to the code introduced in Chapter 1. However, instead of doing a for loop over
the strain, here the loop is done for the magnetic field. For now, we focus on simulations for constant
values of the magnetic field; this will be generalized later.

After importing the parameters and the transmission expression, the code starts by defining the
number of transmission modes, set by the contact doping. We also define [, the ratio d /I and the
vector potential along the y-direction, as defined in Equation 2.1.10.

The next step is to increase gate voltage. Inside this loop, we calculate the carrier density

from gate and scalar potential, the total carrier density, the Fermi level in the channel and e/l =
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\/m . Those are all quantities that depend on the gate voltage and, as explained in Chap-
ter 1, are co-dependant with each other.

Inside the same loop, we create an array to save the values of gate voltage, channel and Fermi
level potentials. With the values inside this array, we can then create another for loop to sum over

all transmission modes, with the quantization for y-component of momentum as:

m 1
qn:W<Nq—2> + Ay, (2.1.34)
el
h 2
of allowed transmission modes, calculated in the code. The scattering angle ¢ is now calculated as:

where A, is the vector potential along the y-direction, given by A, = B and Ny is the number

¢ = Arcsz'n<q"> : (2.1.35)

Fcontact

where kr contact = HCH/hUF-
After summing over the transmission modes, we get the conductance, then we calculate the
conductivity and create a data file with the values of G and EF for each value of Vi for a fixed

value of B. A schematics of the code is shown in Figure 2.3.

conductance
code

v
Glart

experimental Transmission
parameters —> po. S quation

define
Tn modes
v

increase

B field

¥
increase
Vg

¥

sum over
Tn modes

¥

export
dgta >

Figure 2.3: Flowchart of the code used to calculate the transport properties of a graphene transistor
under a constant magnetic field.
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2.1.4 Quick Guide on How to Use the Code

The Mathematica notebooks can be found at the Appendix A. To run the code, please first run
”DeMartino_export_I'n_expression.nb”. This will generate a .mx file with the analytic expres-
sion for the transmission equation (way too big and complicated to be written in the thesis). After
that, run "Gr_Vars_Params_21_09_2023.nb”. This will load all the physical constants and exper-
imental parameters necessary to run the transport code.

Finally, run ”Conductivity_DeM artino_B_V G _ac.nb”. This will generate a data file with the
data mentioned in the above paragraph. You can plot the data or analyze it using the software of

your preference; we used Igor Pro 7.

2.2 Simulation Results and Predictions

First we needed to show that our code converges to reproduce the results present in the literature

[3] in the limit when B approaches to zero. This result is shown in the graph bellow.

25 T T T T T T T T T

o(4e’/hr)
\
1

Vg (V)

Figure 2.4: Graph showing conductance for different values of decreasing magnetic field in order to
show that at low values of B, the model converges to a model with no strain and no magnetic field,
predicted in [3]. The simulation results for the case with no B field is possible thanks to the work
of Linxiang Huang and Andrew McRae.

As shown in Figure 2.4, when the value of the magnetic field is very close to zero (B = 0.11
T), the conductivity (red curve) converges to the case shown in the literature (black curve). For

computational reasons, we cannot set the value of the magnetic field exactly to zero, but it is enough
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to see that there is a convergence pattern.

The reader may notice that we only plot values up to B = 2.03 T. This because the condition
krplp < d/lp imposes severe restrictions on the parameters we can use for our devices. For L =
100 nm, Ig = 32 nm, kr = 108m !, we can only have a maximum value of B = 0.6 T. This is a
low value of field if one is interested in effects like the quantum Hall or Landau levels. Thus, this is
out of the scope of this thesis, i.e., we did not expect to see the quantum Hall effects after analysing
the consequences that this condition imposes to our theory.

To overcome this problem and at least try to have a higher value for the magnetic field, we
changed some parameters. We set L = 80 nm, W = 1000 nm, v = 2000 nm (suspension length).
We chosen a value of landau Level filling fraction v = 18, so that we could hope that with those
dimensions for the device and that filling fraction would help us to find a higher value of magnetic

field allowed by our theory. Since

Ne density of charge carriers per unit area 2.2.1)
V= — = , 2.
ny density of quanta of magnetic flux per unit area
where, for zero strain
CBG
ne = B8 (Vg — Vp) | (2.2.2)
and
BS
ng=g— (2.2.3)
-5
e

where S is the area of the device. Using those Equations, Vg —Vp = 5V, and the known parameters

introduced in Chapter 1, we get B = 2.03 T.

2.2.1 Suppression of Conductance due to a Magnetic Field

Many properties can dictate how effective a transistor is, but one of the most important aspects
is related to the function of the component itself. Transistors’s main function is the amplification of
the voltage signal. This also enables the device to work as a switch. In order to be a high quality
transistor, one must manufacture devices that good on/off ratios [24]. It is shown in literature [25, 26,

8] that many carbon based devices, such as nanoribbons, that can be used as efficient conductivity
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switches. Adding temperature to the picture also affects suppression; however, exploring the thermal
conductivity suppression is out of the scope of this work.
Some signature of suppression in the conductivity of our magnetic graphene transistor is already

visible in Figure 2.4. The conductivity already drops by one order of magnitude, when the magnetic

field is applied.
20 | | |
—— B=06T
— B=08T
18 — B=1.05T
~
B
<=
N\
L 16
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©
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12 l
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Figure 2.5: Conductivity signatures for a transistor whose channel is subjected to a uniform perpen-
dicular magnetic field. Each curve corresponds to different fixed values for the magnetic field. The
gate voltage ranges from -20 V to 20 V.

Another example of decrease in the conductivity is shown in Figure 2.5. There is also a sup-
pression of the opening of the transmission modes in the extremity of each curve. This opening of
modes occur because the quantum levels allowed are rapidly occupied by the electrons, causing the
remaining electrons to abruptly jump to another level, thus showing this ladder-like pattern in the

conductivity curves.
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Chapter 3

Modelling Strained Magneto-Transport

in Ballistic Graphene Experiments

In this Chapter, we begin by introducing the model developed in [1], for the case where the
transistor is submitted to a unaxial mechanical strain and no magnetic field.

In the sequence, we introduce a new model, where we modify the Hamiltonian for monolayer
graphene in the presence of a magnetic field (Equation 2.1.6) by adding a term in the potential, that
takes into account the contribution of the mechanical strain. We show a step-by-step derivation of
the transmission equation, which is later used to calculate the conductance in the device. We study
the effects of strain and magnetic field variations on the conductance. We show that the transistors
simulated with this applied theory reach an on-off ratio of the order of 10* at a constant voltage of

10 V, even for moderate € and B.

3.1 Strained Monolayer Graphene Transistor

In Chapter 2, we introduced the model to study transport in a graphene transistor under a mag-
netic field. In this section, we will first introduce a model for graphene with no magnetic field, but

subjected to an unaxial mechanical strain, developed in [1]. Figure 1.1 shows a schematics of the
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device. The Hamiltonian that describes this device is given by:

H=hvop[l+ (1 —pB)e -0 (k—A)+ Aug + Ape . (3.1.1)

k is the wave vector in the strained channel, o is the set of Pauli matrices in x and y, A; is the
strain vector potentials along the y-direction in the dirac cones (where i = 1,2,3). Aug and Ap.
are respectively the gate potential and the strain scalar potential. A full detailed derivation of the
transmission Equation is available in [1]. The main objective of revisiting this model is show what
the Hamiltonian with strain looks like and what are some of the effects of adding the strain [21].

The first interesting result is how the Dirac cones are affected by the scalar potential Ay, in the

Hamiltonian.
(a) Source/Drain (b) Channel
8t0tal — 0 gt()ta‘l # ()

0.15F

A,U/contauct

@ 0.0
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Figure 3.1: Cartoon deptcing how strain affects the Dirac cones [1].

In Figure 3.1.(a), we show the Dirac cone and Fermi circle in the unstrained case; 3.1.(b) shows
the strained case. Note that the presence of the potential due to strain shifts the Fermi circle from the
Dirac cones. The Fermi wave vector in the source/drain contacts now also depends on both contact
doping and on the strain-induced potential.

The strain-induced vector potentials (A4;) also play a very important role. Due to the applied
mechanical strain, there is a shift in the conductivity curves. The bigger the strain, the more sup-

pressed the conductivity will be. This opens a discussion as to whether or not we will be able to
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enhance this suppression when adding a magnetic field, thus creating even better transistors.

3.2 Hamiltonian for Strained Monolayer Graphene in the Presence of

a Magnetic Field and Strain

3.2.1 Adding the Contribution of Strain Potentials to the Magnetic Hamiltonian

We modify the Hamiltonian in Equation 2.1.6 to add mechanical strain. A cartoon of the ideal-

ized device is shown in Figure 3.2.

o SiO9
(a)
Odold
unaxial
[si Chip strain

(b) @4“

Channel Drain ‘?—

T >d

E - ;
—d Channel lenght (L) d

Figure 3.2: Cartoon depicting the device developed with our applied model, combining unaxial me-
chanical strain and magnetic field in the channel. (a) Shows a representation of how the graphene
transistor would look like. (b) Highlights the physical parameters used to describe the model.
U;, () is the incident electronic wavefunction that comes from the source. The other wavefunc-
tions are the eigenfunctions of the graphene Hamiltonian in each region of the device. The gold
leads were drawn transparent to emphasize that the electrons are injected from the graphene con-
tacts, not from the gold.

In Equation 2.1.6, we will add the potential in Equation 2.1.7, where A(x) will now also include

the mechanical strain vector in the y direction A4;, thus our new differential Equation will look like

1 T e 2 2zA
%7 () (g v i) - (G- T+ at) +fwamo. a2

26



where

Ax) = Lg — Ao, (3.2.2)
ely
and
Ay = Z A (3.2.3)

Equation 3.2.1 may be very complicated to solve, so we have to figure out a way to make this

Equation more elegant in terms of solution. We can do that by introducing a new variable — xy — in

Equation 3.2.2,
el?
zg = Ag—2 . (3.2.4)
c
Thus, we can rewrite Equation 3.2.2 as:
Az) = T =0 (3.2.5)
ely

Since A;, is different in each valley, so zo will be. Because of the valley symmetry, we only

need to define three values for A; ,, those being defined in the following Equation:

_ 4m(e+ €o)
3v/3a

Ble+e))(1+v)

vsin(f) + o

sin(30) , (3.2.6)

Asy(6) = 277(6“0)< _ \}gysin(a) + ycos(9)> 4 Blet Egi(l V) Gn@30) . (G27)

Asy(0) = 27T<6+60)< _ \}gysin(@) - ucos(9)> +

In Equations 3.2.6, 3.2.7 and 3.2.8, v = 0.165, § = 2.5, a = 1.42 X 107 mand 0 = 15 x % are,

Be+e€)(1+v)
2a

sin(30) . (3.2.8)

respectively, the Poisson ratio in graphene, the electron-phonon coupling, the lattice constant and
the crystal angle with respect to the x-axis.

Finally, setting x2 = x — ¢ we rewrite our decoupled set of differential Equations as
o 1 2 x2 13
B B B

In the operators defined by the parabolic cylinder functions, the only change will be a shift in the
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Figure 3.3: Flowchart of the code used to calculate G in a graphene transistor subjected to a perpen-
dicular magnetic field on its channel and to an unaxial strain.

—d —d —
d of each Equation. For u; and v; (Equations 2.1.29 and 2.1.30), T — (lfﬂo). For us and
B B
) d (d — o) . . . )
vo (Equations 2.1.31 and 2.1.32), ™ — L Also, since we are using SI units, ¢ — & in
B B

Equation 3.2.9. To simplify those shifts in the calculations, we call the shift on u; and v; dl; and
the ones in us and vs as dl3 in our code. Thus, in our calculations, the only change will be rewritting

Equations 2.1.28 and 2.1.27 taking these changes into account.

3.2.2 The Code

Adding strain to the picture not only increases the level of complexity of the mathematical
equations, but also increase the computational time to run the code. In order to keep the running
times compatible with the time available, we had to make some adaptations. First, we broke the
problem in two codes: one code to simulate the transport properties of the transistor when the value
of the strain is fixed, but the value of the magnetic field changes and another code to simulate the
case where the magnetic field is fixed, and the strain is varying. We also kept the number of steps
for magnetic field and strain to 50 points. The magnetic field maximum value is set up to 2.03 T,
the limit value for our simulated device’s parameters.

Figure 3.3 shows a schematics of the code. The codes initially do the same as the previous
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ones: start by importing both the parameters notebook and the transmission expression file. The
differences in the other steps of the code are explained bellow.

When varying the strain at a fixed B, the number of transmission modes set by contact doping
is defined. Then, we write a for loop to increase the magnetic field. Inside this loop, we first define
the B increments, /5, the minimum value of strain (imported from the parameters notebook) and the
magnetic vector potentials along y direction. Different from the case where we only had magnetic
field, now we must add the change in each A;, (only three of them are considered, because of
the symmetry of the valleys), because of the mechanical induced strain. Because the potential will
depend in the value of the vector potential induced by the strain, as established in Equation 3.2.5, x
will need to be calculated in each valley with the correspondent changes in A; ;.

After defining those parameters in the code, we write — still inside the strain loop — another for
loop, but this time to increase the gate voltage. Inside of it, the quantities that directly depend on
Vi (carrier density from gate and scalar potential, total carrier density, Fermi level in the channel,
e/l = \/m are calculated. The arrays defined in the paramaters notebook for current
strain, gate and channel Fermi level are then used to store the values calculated in the loop.

Following that, we define an array to store 7,,. Inside it, we write another for loop, this time to
sum over all the transmission modes. In each valley, one mode is calculated. The incident angle ¢ is
also calculated for each valley, since they depend on the ¢,, associated to the vector strain potential
for each case. Finally, the average transmission for all six Dirac cones is calculated. However, we
only keep the positive T,, values — those are the values that will matter in experiments. With that,
the conductance is calculated.

After that, the procedure is similar to the previous codes. The code generate a data file with the
values for gate voltage, conductivity, magnetic field, strain and Fermi Energy. The code can also be
found the Appendix A, in the end of this thesis.

For the case where we vary the magnetic field at a fixed value of strain, the only difference
will be that instead of a for loop for strain, we will write a loop for the magnetic field. The other

programming steps remain virtually the same.
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3.3 Results

3.3.1 Conductivity Suppression Under Fixed Magnetic Field and Varying Strain

We already know that strain can suppress the conductivity [1]. Is the behavior maintained when
we add magnetic field to the picture? We found out that this is the case. We also observe that
due to the combination of mechanical strain and magnetic field, this suppression occurs at a faster
pace. This shows us that transport properties can be fine tuned and controlled in graphene transistors
under the strained-magneto-transport regime we present. This result is shown in Figure 3.4. In this
simulation, a constant magnetic field of 1 T is applied to the channel of a graphene transistor. A
mechanical strain is then applied, and it increases from 0% to 1.25 %, in a gate voltage range

between 5 V and 15 V. The device dimensions are L = 80 nm and W = 100 nm.
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Figure 3.4: Suppression of conductivity due to strain at a constant magnetic field B = 1 T. A small
quantity of strain (from 0% to 1.25%) was enough to reduce the conductivity to zero.

Note that, when ¢ = 1.25 %, the conductivity in Figure 3.4 already drops to almost zero. This
shows that this transistor, designed to work under a magnetic field and unaxial mechanical strain, is

a candidate for a high on/off ratio transistor.
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3.3.2 Linear Change in Conductivity Under Constant Strain and Varying Magnetic
Field

Keeping the same dimensions for the device, the gate voltage range and the contact doping the
same as mentioned in the previous section, we now fix the strain to 1% and vary the values of the

magnetic field up to B = 1.20 T. The result of the simulation is shown in Figure 3.5.

—B=120T
15 — B=09T
— B=05T
— B=02T

1.0 -]
1 1 1
6 8 10 12 14

Ve (V)

Figure 3.5: G - V; at various values of B, with strain € = 1%.

Note that the conductivity signature is mostly linear, with no signs of opening of modes. It
seems that, under the presence of a magnetic field, the conductivity becomes directly dependent of

the mechanical strain applied.
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Figure 3.6: Log(G) curves for different values of strain at B = 1T.

3.3.3 On-off Ratio

The on-off ratio of a transistor is a very important indicator of the qualitity of a transistor. This
value represents the ratio between the current in the on state and the current in the off state. The
higher the on-off ratio, the better is the device performance, meaning that there is a low current
leakage [27] [28] [29]. To achieve a R/ Ry > 10%, the transistor with only strain described in [1]
needed € = 2.6%, both at 0 = 15 x % and pcontact = 0.087 eV. The device we propose in this
Chapter (i.e., combining both mechanical strain and magnetic field in the channel) reaches the same
value of on-off ratio around € = 1.8%, roughly half of the strain necessary for the strained device.

Figures 3.6, 3.7 and 3.8, show, respectively, the different orders of magnitude of the conductivity
values for different values of strain, the log scale version and the on-off ratio of R/Ry = 10% at

Ve = £15 V. This was obtained by defining V,,, = 15 V and V,;y = 5 V. Then, we pick the
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Figure 3.7: Log(o) — € for a quantum-magneto-strained graphene transistor under fixed values of
magnetic field and vate voltage.
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Figure 3.8: On-off ratio for a quantum-magneto-strained graphene transistor under fixed values of
magnetic field and vate voltage.
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G
values of conductivity for V;,, and V,,;; for each curve and calculate Von_ With those values, we
Vors
produced Figure 3.8.
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Chapter 4

Outlook and Conclusions

4.1 Main Results, Next Steps and Expected Impact

In this thesis, we introduced an applied theory to study and model the magneto-quantum-strain
transport in monolayer graphene transistors. We expanded and enhanced the theory developed in
[2], by adding a magnetic field in the channel of the graphene device. By adding the experimental
parameters to the picture , considering a suspended sample and by calculating experimental quanti-
ties such as the conductance and the conductivity, we enabled this work to be used to model future
experiments. We also showed that in the limit where B approaches zero, we return to the previous
theory developed by our group, where the Hamiltonian contains only strain.

In addition, we showed that the conductivity in these devices can be fine tuned when magnetic
field and strain are combined. Our theory only contains magnetic field and mechanical strain in
the chanel of the graphene device, however, it should be straight forward to add magnetic field in
the contacts, as shown in [12]. In order to do so, it is easier to consider the problem as a multi-
barrier quantum well. Thus, we would find new solutions for the Hamiltonian shown in Equation
2.1.6 in the contacts (source and drain). Solving this problem will require a method called the
transfer matrix method, which makes it easier to find the transmission equation. After finding the
transmission equation, the steps to calculate conductivity remains roughly the same (i.e., summing

over all the possible modes).
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Other interesting scenarios can also be predicted by using our method, given the proper adap-
tations. For example, one may want to reproduce our work, but this time using a bilayer graphene
suspended sample, or even a twisted bilayer graphene. The graphene itself could be replaced by
another two-dimensional material (thus replacing the Hamiltonian). Although the Hamiltonian will
of course be changed, the transfer method matrix works for either cases, and the structure of our
code, given the apropriate adaptations (for example, changing the physical parameters to the other
material parameters), will still work. By using the WKB method, one could also explore other
regimes of magnetic field in the transistor.

The possibilities are numerous, and there is always room for improvement, but still we expect
this work to help both experimentalists and theoreticians to have a more realistic applied theory to

make predictions and understand the results collected in the laboratory.
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Appendix A

Mathematica Codes

In this short Appendix, we introduce the code files designed to run the simulations described in
this thesis. We divided the codes between appendix sections, so the reader can follow the codes in
order of appearence in the text.

In the first Section, we introduced the codes used in Chapter 2 to test if Equations 2.1.22, 2.1.23
and 2.1.24 were solutions to Equation 2.1.6, given the potential in Equation 2.1.10. The three first
Mathematica codes perform this task. The fourth code in this first Section is used to derive the
transmission amplitude expression given in Equation 2.1.27, by solving the boundary condition
problem established in Equations 2.1.25 and 2.1.26. The last code in this Section is used to plot the
transmission polar graphs, given in Figure 2.2.

In the second Section of this Appendix, we introduce the codes used to calculate the conductivity
in a graphene transistor under a magnetic field, as presented in Chapter 2. The first code of the
second section is the Parameters Notebook, where we define all the constants necessary to run our
simulation. The second code is the Transmission Notebook and it is responsible for generating
the transmission expression and exporting to an external file. After running those two codes, we
then run the third code, which contains all the equations necessary to calculate the conductivity in
graphene. This third code generates a data file that can be read with Igor Pro, and thus be used to
plot graphs or to do data analysis.

In the third Section of this Appendix, we introduce the codes used to run the simulations in

Chapter 3. The first two codes of this Section contain the Parameters Notebook used to define all
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the physical constants and parameters used to simulate a graphene transistor under magnetic field
and strain. The third code exports the transmission expression. The fourth and the fifth codes are
used to simulate a graphene transistor for two different cases: when the magnetic field is at a fixed
value and when the strain is at a fixed value.

To run the codes, please always follow this order: 1) Parameters Notebook, 2) Export Transmis-

sion Expression, 3) Conductivity Code.

A.1 Codes Used In Chapter 2 - Transmission Plots

A.1.1 Codes to Test Eigenfunctions Solutions

Testing solution in Region I:
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In[+ ]:=

In[+ ]:=

(*Test: Region Ix)

(*Region I, A(x)=0%)

Remove["Global™ "]

d[x_] =D[#, {X, 2}] &; (»dx"2 = dx*dx but has to be applied on the functionx)

vecA=x=* (c/ (ex1b"2));
v = (((eps*1b)~2) /2);
z=Sqrt[2] = ((x/1b) + (py *1b));

(xDefine wavefunction expression for region I in matrix form

( i tested to see if our operator works in that form and yes,
it matches the calculations i did by hand as well) %)
(*Wavefunctions &, =Tp, T_=Tmx)
TI = {{EXp[I*px*X]}, {EXp[I* @] *EXp[I*px*Xx]}} +

{{r*EXp[-I*pX*X]}, {-1*r+xEXp[-I%x¢] *xEXp[-I*pX*Xx]}};

Equation 3 expanded form: [(ax 2 F % B AX) = py* - 2—: pyA(x) - i—jA(x)2 + 62] W, =0
Equation 3 original form: [(8,)* £ S0 AM) + (py + —iA(x))2 +€]y.=0
*% k% *% %% %% %% Equation 3with A(x) =
0: [Bx)? - py% + €] Y. =0 ———-> test bellow is testing this line s % % xx xx xx *
Equation 3 withA(x) = -d (Region/, W¥)):

** Alex Notes #x
(1) thereisasign errorabovein, Equation 3 with A(x) =0 should actually be:
[(64)*-p,* + €] . =0
(2) thereisan errorin the wavefunction. Note ! that . is only defined ! for Region Il,
(the + - mean left and right moving, butin region one we only have a right moving wavefunction!)
Also from Equation (9) g, = Exp[/+px*x]*{1, EXp[/* @]} + r+EXp[—/*px*x]+{1, —Exp[-/* ¢]}

(3) Please use this info and try to check : [(8x)* - p,* + €] ;=0

(»test each part of equation 3 with A=
0 separately to see if it matches handwritten calculationsx)

d[x] [&I, X]

outf- J= {{7eipxpr2}, {7ejpxx+1¢pX2}}



2 | hpsi_Epsi_DeMartino_region_I_02_01_2023.nb

pyz*ﬂjI
outf- = {{eﬁ pX X pyZ}’ {eﬁ pX X+1 ¢ pyZ}}

eps? » oI
outf J= {{(Ejl px x epSZ}, {(e]i pX X+1 ¢ epSZ}}
m = d[x] [2I, X] - py> * I + eps® + &I // FullSimplify // MatrixForm
Out[+ J//MatrixForm=
_(e—jl pXx X (—epsz + sz + py2> (GZJ‘prx 4 r.)

_e—il (pX X+¢) (—epsz + pX2 + py2> (e21 (px X+¢) _ r)

n- 1= (*use the parametrization for px and py that De Martino givesx)

px = eps *» Cos [¢]
(+xpy=eps*Sin[¢] +d/1b%+)
py = eps % Sin[¢]
ou- 1= eps Cos [¢]
ou- 1= eps Sin[¢]
m = d[x] [T, X] - py* * I + eps® + &I // FullSimplify // MatrixForm
Out[~ J//MatrixForm=
0
o]
(*Region I, A(x) = - dx)

Equation3with A(x) = -d:

[(ax)z_pyz"'zpygdz ‘i‘, +EZ:| W:=0

ls
- = Remove ["Global™ x"]

mp= d[x_] = D[#, {X, 2}] &; (*dx"2 = dx*dx but has to be applied on the functionx)
1= (*Wavefunction in region I x)

TI = {{EXp[I*pX*X]}, {EXp[I*d] *EXp[I*»px*X]}} +

{{r+*EXp[-I*pX*X]}, {-1*r+EXp[-I%x¢] *xEXp[-I*px*x]}};

(*calculate equationx)



hpsi_Epsi_DeMartino_region_I_02_01_2023.nb | 3

d d?
m- = d[x][2I, x] - py2 *#TBL +2xpy* — % TLI - — »TI + eps2 * @I // FullSimplify // MatrixForm
1b? 1b*

Out[+ J//MatrixForm=
e Lpxx (lb“ (—epsz+px2) +(d-1b? py)z) (re”"”u‘)
1b*
e 1 (Pxx+é) (lb“ (—ep52+px2) + (d—lbZ py)z) (et (Pxa) -r)

1b*

mn- = (*=use the parametrization for px and py that De Martino givesx)

pXx = eps x Cos [¢]
py = eps » Sin[¢] +d / 1b?
ou- = eps Cos [¢]
d
ou- = —— + eps Sin[¢]
1b®

1= (*calculate equations againx)
2 d dz 2
d[x] [2I, x] -py” *TI + 2 x py * —* oI - —* oI + eps” » I // FullSimplify // MatrixForm
1b 1b

Out[+ J//MatrixForm=

o



Testing solution in Region II:
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Equation 3 in De Martino paper, with A(x) = =< :

elg?

- = Remove ["Global™ %"]
«««/Remove: There are no symbols matching "Global +".
- 1= (*define hamiltonian in equation (3). I don't put

the energy? here because it enters later in the DSolvesx)
(xDefine "H,"=x)

1 2 %Py * X x2
HL1[f_] =Dt[f, {X, 2}] - — *f-py* »f- [—] wfo | — | «f
2

1b 1b2 1b*
f 2fpyx fx?
Outf~ J= 7—7'pr2* - +Dt['f:, {x, 2}]
1b? 1b? 1b*

n- 1= (*write DSolve to solve the equationx)

(*get T, *)
DiracEq = DSolve [H1[@&, [X]] == - (e [u] *»€[u]) * @, [X], T, [X], X]

1 \/E X
outf- J= qu [X] - ¢y Par‘abolicCylinder‘D[—— 1b%e[u]?, i [\/5 1b py + ]} +
2 1b

1 42
c Par‘abolicCylinder'D{— (-2+1b%e[u]?), V2 1bpy + XH}
2 1b

(»write @, in matrix formx)

- 1= (xDefine "H_"=x)

1 R 2 %Py * X x2
H2[f_] =Dt[f, {X, 2}] + — *f-py = f - [—] *f-|— | *xf
1b? 1b? 1b*

f 2fpyx fx?
ouf - — - f py? - 4 - +Dt[f, {x, 2}]

1b? 1b? 1b*
nf- = (*get T_x)

DiracEq = DSolve [H2[Z_[x]] == - (e[v] *€[Vv]) *T_[x], T_[x], X]

V2 x

1
outf- J= H@, [X] = ¢1 Par‘abolicCylinder‘D[— 1b2e[v]?, V2 1bpy+ } +
2 1b

V2 x

I

1
cy Par‘abolicCylinderD{— (-2-1b%e[v]?), i [ﬁ 1bpy +
2




Testing solution in Region III:
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(*Region III, A(Xx)=0x)

In[~ J:=
Remove["Global™ "]

1= d[Xx_] =D[#, {X, 2}] &; (*dx"2 = dx*dx but has to be applied on the functionx)

(#vecA=x# (c/ (ex1b”2)); - GENERAL FORM OF POTENTIAL VECTOR+)
(#v= (((eps%lb)~2)/2); - FOR PARABOLIC CYLINDER IN REGION II«)
(#2=Sqrt[2]+ ((x/1b) + (py+1b)); - FOR PARABOLIC CYLINDER IN REGION II )

= (*Define wavefunction expression for region III in matrix form =)

TIII = t*Sqrt[ﬁ] ({1}, (Exp[I*¢1]}} » Exp[I % px1 % X] ;
pXxL

Equation 3 expanded form: [(ax)2 F f By AX) - p,? - 279 pyAlx) - f—jA(x)2 + 62] Ww.=0
Equation 3 original form : [(8,)* £ < 8,A(X) + (p, + fA(x))2 +€]y.=0
*% % *x %% x% %% Equation 3with A(x) =

0: [(0x)* - py* + €?] Y. =0 ———— > test bellow is testing this [ine xx xx xx xx xx xx

(»test each part of equation 3 with A=
0 separately to see if it matches handwritten calculationsx)

mf- = d[x] [EIII, x]

Outfe J= {{7eipx1x % leZ t}, {7eipx1x+1‘1®1 % px12 t}}

Infe J:= py2 * TITI

outf- J= {{ejpxlx % py2 t}, {eilpxlx+j1¢>1 % pyz t}}

Infe J:= epS2 * TITI

ot - {{ejpxlxepsz Et}, {eipx1x+id>1 epsz % t}}

n = d[x] [@III, x] - py? # GIII + eps® » ®III // FullSimplify // MatrixForm

Out[+ J//MatrixForm=

—elpxx l% (-eps® + px1? + py®) t
_ el (pxixie1) lﬁ <7epsz £ px1? + py2> t



2 | hpsi_Epsi_DeMartino_region_III 07_01_2023.nb

m- 1= (%xuse the parametrization for px and py that De Martino gives, but when x = -dx)
px = eps = Cos [¢] ;

(+py=eps*Sin[¢] +d/1b%+)
py = eps = Sin[¢];
px1 = eps * Cos[¢1];

pyl = eps * Sin[¢1];

However, equation 8 in De Martino establishes a relation between the momenta py and py’, thus
giving us a relation between sin(¢) and sin(¢"):

sin(¢") = sin(¢) + 25,

and since we are assuming A(x)=d =0, then

sin(¢’)=sin(¢).

Putting this in the equation we have, the final result is as expected (see code line bellow).

np 1= d[x] [EIII, X] - py® % ©III + eps? « TIII /. Sin[¢] —» Sin[¢1] // FullSimplify // MatrixForm
Out[~ J//MatrixForm=
0
o]
(*Region III, A(x)=-dx*)

Equation3with A(x) = -d:

I:(ax)2_py2+2pygdz _i‘; +E2] w.=0

ls
- 1= Remove ["Global™ "]

m-p= d[x_] = D[#, {X, 2}] &; (*dx"2 = dx*dx but has to be applied on the functionx)

1= (*Wavefunction in region III %)

TIII = t*Sqrt[ﬁ] ({1}, (Exp[I*¢1]}} » Exp[I « px1 % X] ;
pxL

(»calculate equationx)



hpsi_Epsi_DeMartino_region_III 07_01_2023.nb | 3

d d?
mp- = d[x] [EIII, x] - py2 * TIII + 2 % py * — » TIII - — * TIII + eps2 % CIII // FullSimplify //
1b? 1b*

MatrixForm

Out[+ J//MatrixForm=
eiPax [ﬁ (1b* (-eps?+px1?) + (d-1b? py)?) t

1b*
el (Px1x+ol) 1[:—:1 (lb4 (—ep52+px12) Jr(d—lln2 py)z) t
N 16

(*use the parametrization for px and py that De Martino givesx)
px = eps *» Cos [¢]

py = eps x Sin[¢] +d / 1b?

px1 = eps * Cos [¢1]
pyl = eps * Sin[¢1] +d / 1b?

out- - eps Cos [¢]

d
ouf-]= —— +eps Sin[¢]
1b?

ou - eps Cos [¢]
d

ouf-]= —— + €eps Sin[¢1]
1b?

1= (*calculate equations againx)
2 d d2 2
d[x] [SIII, x] - py" * TIII + 2 % py ¥ — % OIIT - — * TIII + eps” % TIII // FullSimplify //
1b? 1b*

MatrixForm

Out[+ J//MatrixForm=

o)



A.1.2 Code to Get the Transmission Amplitude Expression
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n[-1= ClearAll["Global™ x"]

v= (((e*1lb)”"2) /2);
(*z=Sqrt[2] = (py*1lb); *)

z =Sqrt[2] = ((x/1b) + (qn*1b));
z1 =Sqrt[2] * (- (x/1b) - (gqn*1b));

(» Scattering state incident from the left in the n-th mode =x)
sLian_, y_, k_, x_1 = {{1}, {E™’}} ETK*% 4 pn {{13, {-E™}} prIxkex,
a[gqn_, y_, k_, x_] = an= {{ParabolicCylinderD[v -1, 2]},

{((I%Sqrt[2]) / (e *1b)) » ParabolicCylinderD[v, z]}} +
Bn x { {ParabolicCylinderD[v -1, z1]},

{- ((I*Sqrt[2]) / (e *1b)) %= ParabolicCylinderD[v, z1]}};
k
sRgn_, y_, k_, x_] = tn*Sqr‘t[—] * {{1}, {Exp[I*@1]}} *Exp[I *px1=*x];
pXL

(» Solve equations from the continuity of @ for tn *)

(*&8L[qn,y,kl,-d] == Z[qn2,y,k2,-d]*)
Eql = FullSimplify[&L[qgn, y, k, -d] == &[qn, y, k, -d]];

Eq2 = FullSimplify[&[qgn, y, k, d] == &R[qn, y, k, d]1;

tt = Solve[Eq1&&Eq2, {rn, tn, an, An}] [11[2]1021;

tt = Fullsimplify[

1b?2e? /2 (d+1b%qn)
tt /. ParabolicCylinderD[ y - ] > v2m /. Par‘abolicCylinder‘D[
2 1b

1b? &2
-1+

d
» \/; [— +1bqn]] > u2p /.
1b

1b? €2 d
Par‘abolicCylinder‘D[ N «/E [— +1b qn]] > Vv2p /.
2 1b

1b2e? /2 (d+1b%gn)

ParabolicCylinderD[-l + y - ] > u2m /.
2 1b
1b? &2 d
Par‘abolicCylinder‘D[ B '\/E (— -1b qn]] > vim /.
2 1b



2 | BC_transmission_clean.nb

1b? €2 d
ParabolicCylinderD[ R \/3 [— — +1b qn)] =»>vlp /.
2 1b
1b? €2 d
ParabolicCylinderD[—l + R «/3 (— -1b qn]] = ulm /.
2 1b

1b? €2 d
ParabolicCylinderD[—l + N «/E [— — +1b qn] ] =»>ulp /.
2 1b

(—iCos[¢1]+Sin[¢1]):eExp[-I*¢1]]
Fullsimplify[ﬁ et P (14 e?8%) w2 xixe P x1bx (U2pv2m+u2mv2p) * e]/z;

FullSimplify[

k ) ) . .
—_— (Zie”’*(v1pv2m-v1mv2p)*Z*i*e'”’+ 2 x2xdixe % e 0% 4 1b
px1

(u2pvim+u2mvip) *xe+2*i*xe *®% 42 » 1b % (ulpv2m+ulmv2p) % € +

1b? % (ulp u2m - ulmu2p) * € (-i = Cos[@l] +Sin[¢1]) *Z*i*e_w)]/ 2;

outf-J= (\/5 e id (kepx1) (1+€**?) 1b (u2p v2m + u2mv2p) e)/

k . .
— (21 €' (vipvam-vimv2p) + v/2 e* "V 1b (u2p vim+ u2mvip) € +
px1

\2 1b (ulp v2m + ulmv2p) € + 1b? (ulp u2m - udmu2p) €2 (- i Cos[p1] + Sin[p1] ))J



A.1.3 Code to Get the Transmission Polar Plots
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ClearAll["Global™ "]

(*momenta parametersx)
¢1[¢p_, el_, dl_] :=ArcSin[2* (d1l) % (1/ (el)) +Sin[¢]]

(*py[¢_]:=exSin[¢]+(d/ (1b)"2) *)

px[¢_] := Cos[¢]

px1[¢_, el_, dl_] := Cos[ArcSin[2 % (d1l) %= (1/ (el)) +Sin[¢]]]
(xOperators ux)

ulp[¢_, el_, dl_] :=

ParabolicCylinderD[ (((el) ~2) /2) -1, Sqrt[2] » ((-dl) +el xSin[¢] +d1)]

ulm[¢_, el_,dl_] :=
ParabolicCylinderD[ (((el) ~2) /2) -1, -1 %Sqrt[2] * ((-dl) +el «Sin[¢] +d1)]

u2pl¢_,el_,dl_] :=
ParabolicCylinderD[ ( ((el) ~2) /2) -1, Sqrt[2] = ((dl) +el »Sin[¢] +d1)]

u2m[¢_, el_, dl_] :=
ParabolicCylinderD[ (((el)~2) /2) -1, -1%Sqrt[2] * ((d1l) +el xSin[¢] +d1)]

(*Operators vx)
vip[¢_, el ,dl_] :=
ParabolicCylinderD[ ( (el) ~2) /2, Sqrt[2] = ((-dl) +el *Sin[¢] +d1)]

vim[¢_, el _,dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, -1 %Sqrt[2] = ((-dl) +el »Sin[¢] +dl)]

v2p[¢_, el _, dl_] := ParabolicCylinderD[ ( (el) ~2) /2, Sqrt[2] * ((dl) +el «Sin[¢] +d1)]

vam[¢_, el ,dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, -1 % Sqrt[2] = ((d1l) +el »Sin[¢] +d1)]

(*T[P_1:=(8%((3.7)"4) xCos[¢1[¢] ] *xCos[@]* ((U2p[@]*v2m[@] +V2p[p] *u2m[¢])"2)) *)
(D operatorx)
Dop[é_, el_, d1_] := ((el)"2) »Exp[I« (¢1[d, el, d1] -¢)] *

(ulp[¢, el, d1] xu2m[¢, el, d1] - u2p[¢, el, d1] xulm[o, el, d1]) -
2% (vip[¢, el, d1] xv2m[¢, el, d1] -v2p[¢, el, d1] *vim[¢, el, d1]) +
IxSqrt[2] xel» (Exp[I*¢l[¢, el, d1]] *

(vip[¢, el, d1] xu2m[¢, el, d1] +u2p[¢, el, d1] xvim[¢, el, d1]) +
EXp[-I % ¢] x (ulp[o, el, d1] xv2m[¢, el, d1] +v2p[¢, el, d1] xulm[¢, el, d1]))

(»transmission amplitudex)
tlo_,el_,dl_] :=
(2*Ixelx (u2p[¢, el, d1] »v2m[¢, el, d1] + v2p[¢, el, d1] »u2m[o, el, d1])) /



2 | transmission_demartino_plots_complete.nb

(Exp[I * (px[¢] + px1[d, el, d1]) el +d1l] +Dop[¢, el, d1])

n-1= (*transmission equationx)
T[¢_, el ,dl_] :=2x%px1[¢, el, d1] *Cos[¢] »t[¢, el, d1] = (t[¢, el, d1])*

-1~ PolarPlot[{T[¢, 3.7, ©.5], T[¢, 3.7, 3.67]1, T[é, 3.7, 3], T[é, 3.7, 1.5]},

{¢, -Pi/2, Pi/ 2}, PlotStyle » {Black, Blue, Green, Red}]

Out[«]=




transmission_demartino_plots_complete.nb | 3

i1~ PolarPlot[{T[¢, 1.6, 1.5], T[¢, 2.5, 1.5], T[é, 5, 1.5]},

{¢, -Pi/ 2, Pi/ 2}, PlotStyle -» {Black, Red, Green}]

out[+J=




4 | transmission_demartino_plots_complete.nb

- PolarPlot[{T[¢, 3.7, 3.69], T[é, 3.7, 2.0], T[¢, 3.7, 0.1]},

{¢, -Pi/ 2, Pi/ 2}, PlotStyle -» {Black, Blue}]

Out[«]=




A.2 Codes Used in Chapter 2 To Calculate the Conductivity With

Magnetic Field Only

A.2.1 Parameters Mathematica Notebook

Gr_Vars_Params_21_09_2023.pdf
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In[¢];= (***xxxxxxxx» Variables and Parameters for Calculating Conductivity of Graphene xxxxxxxxxxxx)

(= Constants «)

kB=1.4x10" (-23); (% Boltzman constant (J/K) =)
e=1.6%x107-19; (» Elementary charge (C) =«)
h=6.63% 10~ (-34); (» Planck's constant (J.s) »)
h=1.85%10" (-34); (+» Planck's constant/2x (J.s) «)
hbar = A;

eair = 8.85%10" (-12); (x Permittivity of Vacuum (F/m) «)

€5102 =3.9%8.85%10" (-12); (» Permittivity of Si0, (F/m) «)

a=1.42%"-10; (= Lattice constant (m) «)

t0 =2.7+e; (« Nearest-neighbor hopping energy (J) «x)
VF=1.0%1076; (+ Fermi velocity (m/s) =)

B =2.5; (» Electron-phonon coupling «)

v =0.165; (» Poisson ratio in graphene )

(» Variables & Parameters «)
uCont =0.087 xe; (» Contact doping (J) «)

L=80.0%10" (-9); (+ Channel length (m) «)

W=1000.0%10" (-9); (+ Channel width (m) «)

6=0%x7/6; (= Crystal angle with respect to the x axis «)

dair =50.0%10" (-9); (« Thicknes of vacuum (m) x)

dsio2 =@x100.0%x10” (-9); (+ Thicknes of Si02 (m) =)

CBG = (eair xesio2) / ((dsio2xeair) + (dairxesio2)) ; (+ Gate capacitance (F/m"2) «)

nimp =0.0%10.0715; (¥1/m2 Density of Impurities IF nimp=0, gaussmooth must =0, if nimp#= Gaussmooth must =1x)
temp =@+ 1.5; (« Temperature of the sample (K) =)

ntmp = 7w/ 6% ((kB*temp) / (hbarxVF)) ~2; (+« Thermal carrier density «)

Rc =0.9; (» Contact Resistance (Ohm) «)

ge =3.0xe; (» Change in workfunction per % strain (choi2010) x)

€0=0.0/100.0; (~ Built-in strain «)

mine =0.0/100.0; (+ Minimum applied mechanical train )
maxe =0.0/100.0; (» Maximum applied mechanical train «)
Nestep =1; (« Strain steps «)

eStep = (maxe - mine) /Nestep; (« Size of strain steps «)

minB = 1; (» Minimum applied mechanical train «)
maxB = 2; (¥2.05+) (x Maximum applied mechanical train «)
NBstep = 1; (» Strain steps «)

BStep = (maxB - minB) /NBstep; (+ Size of strain steps «)

Vdirac = 0.0; (+« Dirac point position (V) «)

(V)
VgateMin = 5.0; (» Minimum gate (V) =)
VgateMax = 15.0; (+ Maximum gate (V) «)
Nstep =10; (+ Number of gate steps (V) «)

VgateStep = (VgateMax - VgateMin) /Nstep; (» Gate step size «)
Gausssmooth = @; (» Boolean, smooth over discontinuity at Dirac point caused buy nimp =)

(= Arrays =)
(» Conductivity =)
Array[GG, (Nstep + 1) « (NBstep +1) -1];

arranjo

Array[GG1l, (Nstep + 1) » (Nestep +1) -1];
arranjo

Array[GG2, (Nstep + 1) = (Nestep +1) -1];
arranjo

Array [GG3, (Nstep + 1) » (Nestep +1) -1];
arranjo

Array [GGlp, (Nstep + 1) = (Nestep +1) - 1];

arranjo

Array [GG2p, (Nstep + 1) » (Nestep +1) - 1];
arranjo

Array [GG3p, (Nstep + 1) = (Nestep +1) -1];

arranjo
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(» Gate voltage, mechanical strain, fermi energy «)
Array[VVg, (Nstep + 1) = (NBstep +1) -1];

Array[BB, (Nstep + 1) = (NBstep +1) -1];

Array[uu, (Nstep +1) » (NBstep +1) -1];

Array[ee, (Nstep + 1) » (Nestep + 1) -1];



A.2.2 Code to Export the Transmission Probability

DeM artino_export T'n_expression.pdf
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(* Present
goal: to calculate the transmission for N-th mode of the transverse momentum,

starting from the t[¢_,el ,dl_]
*)

n[-1= ClearAll["Global™ %x"]

(*momenta parametersx)
¢1[¢p_, el_, dl_] := ArcSin[2 » (d1l) » (1/ (el)) +Sin[¢]]

(*py[d_]:=exSin[¢]+(d/ (1b) ~2) %)

px[¢_] := Cos[¢]

px1[¢_, el , dl_] := Cos[ArcSin[2 x (d1l) » (1/ (el)) +Sin[¢]]]
(xOperators ux)

ulp[¢_, el_, dl_] :=

ParabolicCylinderD[ ( ((el) ~2) /2) -1, Sqrt[2] = ((-dl) +el x*Sin[¢] +dl1)]

ulm[¢_, el_,dl_] :=
ParabolicCylinderD[ (((el) ~2) /2) -1, -1 %Sqrt[2] * ((-dl) +el «Sin[¢] +d1)]

u2pl¢_,el_,dl_] :=
ParabolicCylinderD[ ( ((el) ~2) /2) -1, Sqrt[2] = ((dl) +el »Sin[¢] +dl1)]

u2mf¢_, el ,dl_] :=
ParabolicCylinderD[ (((el)~2) /2) -1, -1%Sqrt[2] * ((d1l) +el *Sin[¢] +d1)]

(xOperators vx)
vip[¢_, el_,dl_] :=
ParabolicCylinderD[ ( (el) ~2) / 2, Sqrt[2] = ((-dl) +el xSin[¢] +d1)]

vim[¢_, el _,dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, -1 %Sqrt[2] * ((-dl) +el «Sin[¢] +d1)]

v2p[¢_, el_, d1_] := ParabolicCylinderD[ ( (el) ~2) /2, Sqrt[2] * ((dl) +el «Sin[¢] +d1)]

v2am[¢_, el ,dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, -1 % Sqrt[2] = ((dl) +el »Sin[¢] +d1)]

(*T[¢_T:=(8%((3.7)"4) xCos[¢1[d]]+Cos[dp]» ((u2p[dp]*xv2m[¢] +Vv2p[p] +u2m[$])"2) ) *)
(*D operatorx)
Dop[é_, el , dl_] := ((el)~2) xExp[I» (¢1[¢, el, d1] - ¢) ] *
(ulp[¢, el, d1] xu2m[¢, el, d1] -u2p[o, el, d1] »xulm[¢, el, d1]) -
2% (Vip[¢, el, d1] *v2m[¢, el, d1] -v2p[¢, el, d1] »vim[¢, el, d1]) +

IxSqrt[2] xel» (Exp[I*¢l[¢, el, d1]] *

(vip[¢, el, d1] xu2m[¢, el, d1] +u2p[¢, el, d1] x vim[¢, el, d1]) +
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Exp[-I*¢] *» (ulp[d, el, d1] »v2m[¢, el, d1] +v2p[¢, el, d1] * ulm[¢, el, d1]))
(»transmission amplitudex)
tlo_,el_,dl_ ] :=
(2*Ixelx (u2p[¢d, el, d1] »v2m[¢, el, d1] +v2p[¢, el, d1] *u2m[¢, el, d1])) /

(Exp[I * (px[¢] + px1[¢, el, d1]) xel xdl] xDop[¢, el, d1])

(xSqrt[2+px1[¢,el,dl] /px[¢p]]*CoS[p]*)
(% (2%I%3.7%Sqrt [2+px1[Pi/2,3.7,0.5] /px[Pi/2]]+Cos[Pi/2] *
(u2p[Pi/2,3.7,0.5]*v2m[Pi/2,3.7,0.5]+v2p[Pi/2,3.7,0.5] *u2m[Pi/2,3.7,0.5]))
(Exp [I (px[Pi/2]+px1[Pi/2,3.7,0.5])*3.7%0.5] *Dop[Pi/2,3.7,0.5])
Sqrt[2+px1[Pi/2,3.7,0.5]/px[Pi/2]]*)
(*px1[Pi/2,3.7,0.5]
px[Pi/2] )

(xtransmission equationx)
T[o_,el_ ,dl_] :=2xpxil[¢, el, d1] xCos[¢] »t[¢, el, d1] » (t[¢, el, d1])*

(» Clear all stored variables, but not functions x)
Clear @@ Select [Names ["Global™ "],

ToExpression[#, StandardForm, Function[sym, OwnValues[sym] =!= {}, HoldAll]] &]
(*» Boudary condition in graphene for smooth edges (Tworzydolo) =)
qQIN_, W ] :=/W=Sign[N] » (Abs[N] +1/2)
(*Tn[uCont_,uCH_,Nq_,L_,W_,Ay ]:=T¢[uCont/ (A*VF),uCH/ (A*VF),q[Nq,W],L,Ay];*)
(» Export general graphene transmission expression x)

SetDirectory[NotebookDirectory[]1];

Export["Tphi_expr_Vve.0.mx", T[¢, el, d1]]

ou-]= Tphi_expr_Ve.0.mx
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-1~ PolarPlot[{T[¢, 3.7, ©.5], T[¢, 3.7, 3.67]1, T[é, 3.7, 3], T[¢, 3.7, 1.5]},

{¢, -Pi/ 2, Pi/ 2}, PlotStyle -» {Black, Blue, Green, Red}]

Out[+]=
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m-}= PolarPlot[{T[¢, 1.6, 1.5], T[¢, 2.5, 1.5], T[¢, 5, 1.5]},

{¢, -Pi/ 2, Pi/ 2}, PlotStyle -» {Black, Red, Green}]

out[+J=




DeMartino_export_Tn_expression.nb | 5

-1~ PolarPlot [{T[¢, 3.7, 3.69], T[¢, 3.7, 2.0], T[d, 3.7, 0.1]},

{¢, -Pi/ 2, Pi/ 2}, PlotStyle -» {Black, Blue}]

S S I T T T T S S I S

Outf«]= X - X 1




A.2.3 Code to Calculate Conductivity
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(**xxx*x*xxx Conductivity in Graphene under a constant magnetic field s s*#xxx%x*)

ClearAll["Global  +"] (« Clear all values and definitions x)
apaga tudo

SetDirectory[NotebookDirectory[]]; (» Set the current working directory «)
define diretério diretério do notebook

T[# , el_,dl_] =Import["Tphi_expr_V0.0.mx"]; (x Import the transmission probability expression =)
importa

NotebookImport["Gr_Vars_Params_21_09_2023.nb", "Input" -» "Expression"]; (» Import constants/variables/parameters x)
importa notebook

Abs[EF] W
Nmax [EF_] := IntegerPart| ———— » — ]; (* Number of transmission modes, set by contact doping =)
parte inteira hxVvF i

NBstep =0; («for now we are not doing a B loopx)

kFcontact = uCont/ (A *VF);

e = 0;

B = minB; (xneed to set magnetic field here, not in parameter filex)
(xB= minB + BBStep«BStep; =) (» Incremental mechanical strain «)

1b = Sqrt[hbar/ (exB)] ;

raiz quadrada
dl = (L/2)/1b; (xneed to calculate here for each B value, el is calculated later because it changes with Vgatex)
Ay[L_] :=- (e/ (hbar)) * (L /2) *B; (+ Vector potentials along y direction =)
(«Print[Ay[L]]; =)

(= For loop to increase gate voltage )

For|Step = @, Step < (Nstep), Step += 1,
para cada

Vgate = VgateMin + StepxVgateStep; (+ Incremental gate voltage «)

(= Carrier density from gate and scalar potential «)
cBG (ge* (1-v) * (e +¢€0))2
nc = —  (Vgate - Vdirac) + Sign[ge] * H
e fungdo de sinal 7 (hbar » vF) 2

(» Total carrier density «x)

ntot = \/nc"z +4*[[

(x Fermi level in the channel «)

uCH = hbar « vVF « If[nc # 0.0, Sign[nc], 1] « 4/« Abs[ntot] ;

se fungédo de sinal

nimp
]"2 + (ntmp) "2] H
2

el = —\/n*Abs[ntot] +1b; («need to calculate here for each B and Vg valuex)

(» Populate array with current strain, gate, and channel fermi level x)
Vg [Step + (NBstep) » (Nstep + 1) ] = Vgate;

BB[Step + (NBstep) » (Nstep + 1) ] =B;

puu[Step + (NBstep) » (Nstep +1)] = uCH;

(» Array for storing the average Tn x)
Nmodes = Nmax [uCont] ;

(* Print [71/Wx (Nmodes+1/2) ]; *)
Array[TnA, 2+ (Nmodes + 1) , -Nmodes] ;

arranjo

(» Initialize arrays =)
GG[Step + NBstep» (Nstep +1)] = 0;

(xFor loop to sum over all transmission modesx)
For|Nq = -Nmodes, Nq < (Nmodes + 1), Nq +=1,
para cada

qn= /W% (Nq-1/2) + Ay[L];

¢ = ArcSin[qn/kFcontact] ;

aren senn
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TnA[Ng] = Re[T[6, el, d1]];

(= Sum over transmission modes to get conductance x)

4xen2 4xen2

GG[Step + (NBstep) » (Nstep + 1) ] +=

E

* TnA[Nq]*[ ]"(-1);

h Pixh

|E
(»Build table of data: Gate voltage, conductivity, mechanical strain, Fermi energy in the channelx)
TB1 = Table[{VVg[n], Re[GG[n]] *L /W, BB[n], uu[n] /e}, {n, @, (Nstep + 1) » (NBstep +1) -1, 1}];

TB2 = Prepend [TB1, {"vg", "Sig", "B", "EF"}]; (» Add headers to columns =)

Export["G_DeMartino_14112023_B1_10Vg_points.dat" , TB2, "Table" ]

ouf--= G_DeMartino_14112023_B1_10Vg_points.dat



A.3 Codes Used in Chapter 3 To Calculate the Conductivity With

Magnetic Field and Strain

This Section contains the codes used to calculate G in graphene with magnetic field and strain.
We calculate for two cases: with constant values of B and varying the values of € and with constant
values of strain and varying the values of B. As mentioned before, to improve computation time,

we did not write a code to do both loops at the same time.

A.3.1 Parameters for Constant B and Varying Strain
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(**xxx*x*xxx%+ Variables and Parameters for Calculating Conductivity of Graphene with B fiXed %% x%%*x)

(= Constants «)

kB=1.4x10" (-23); (% Boltzman constant (J/K) =)
e=1.6%x107-19; (» Elementary charge (C) =«)
h=6.63% 10~ (-34); (» Planck's constant (J.s) »)
h=1.85%10" (-34); (+» Planck's constant/2x (J.s) «)
hbar = A;

eair = 8.85%10" (-12); (x Permittivity of Vacuum (F/m) «)

€5102 =3.9%8.85%10" (-12); (» Permittivity of Si0, (F/m) «)

a=1.42%"-10; (= Lattice constant (m) «)

t0 =2.7+e; (« Nearest-neighbor hopping energy (J) «x)
VF=1.0%1076; (+ Fermi velocity (m/s) =)

B =2.5; (» Electron-phonon coupling «)

v =0.165; (» Poisson ratio in graphene )

(» Variables & Parameters «)
uCont =0.087 xe; (» Contact doping (J) «)

L=80.0%10" (-9); (+ Channel length (m) «)

W=1000.0%10" (-9); (+ Channel width (m) «)

©6=15.0%7/6; (» Crystal angle with respect to the x axis «)

dair =50.0%10" (-9); (« Thicknes of vacuum (m) x)

dsio2 =0%100.0% 10" (-9); (+ Thicknes of Si02 (m) «)

CBG = (eair xesio2) / ((dsio2xeair) + (dairxesio2)) ; (+ Gate capacitance (F/m"2) «)

nimp =0.0%10.0715; (¥1/m2 Density of Impurities IF nimp=0, gaussmooth must =0, if nimp#= Gaussmooth must =1x)
temp =@+ 1.5; (« Temperature of the sample (K) =)

ntmp = 7w/ 6% ((kB*temp) / (hbarxVF)) ~2; (+« Thermal carrier density «)

Rc =0.9; (» Contact Resistance (Ohm) «)

ge =3.0xe; (» Change in workfunction per % strain (choi2010) x)

€0=0.0/100.0; (~ Built-in strain «)

mine =1.9/100.0; (+ Minimum applied mechanical train =)
maxe =1.99/100.0; (~ Maximum applied mechanical train «)
Nestep =1; (« Strain steps «)

eStep = (maxe - mine) /Nestep; (« Size of strain steps «)

minB = 1.0; (+ Minimum applied B «)

maxB = 2.03; («2.05%) (» Maximum applied B «)

NBstep =1; (» Strain steps «)

BStep = (maxB - minB) /NBstep; (+ Size of B steps «)

Vdirac = 0.0; (+« Dirac point position (V) «)

VgateMin = 5.0; (» Minimum gate (V) =)

VgateMax = 15.0; (« Maximum gate (V) «)

Nstep =10; (» Number of gate steps (V) =)

VgateStep = (VgateMax - VgateMin) /Nstep; (+ Gate step size )

Gausssmooth = @; (» Boolean, smooth over discontinuity at Dirac point caused buy nimp =)

(= Arrays )
(» Conductivity =)
Array [GG, (Nstep + 1) » (Nestep + 1) - 1];

arranjo

(= Gate voltage, mechanical strain, fermi energy x)
Array[VVg, (Nstep + 1) » (Nestep +1) -1];

arranjo

Array[BB, (Nstep + 1) * (Nestep + 1) - 1];

arranjo

Array[up, (Nstep + 1) » (Nestep + 1) - 1];

arranjo

Array[ee, (Nstep + 1) « (Nestep +1) - 1];

arranjo



A.3.2 Parameters for Constant Strain and Varying B
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(**xxx**xxx+* Variables and Parameters for Calculating Conductivity of Graphene with strain fixed##xxxxsxxxxx)

(= Constants «)

kB=1.4x10" (-23); (% Boltzman constant (J/K) =)
e=1.6%x107-19; (» Elementary charge (C) =«)
h=6.63% 10~ (-34); (» Planck's constant (J.s) »)
h=1.85%10" (-34); (+» Planck's constant/2x (J.s) «)
hbar = A;

eair = 8.85%10" (-12); (x Permittivity of Vacuum (F/m) «)

€5102 =3.9%8.85%10" (-12); (» Permittivity of Si0, (F/m) «)

a=1.42%"-10; (= Lattice constant (m) «)

t0 =2.7+e; (« Nearest-neighbor hopping energy (J) «x)
VF=1.0%1076; (+ Fermi velocity (m/s) =)

B =2.5; (» Electron-phonon coupling «)

v =0.165; (» Poisson ratio in graphene )

(» Variables & Parameters «)
uCont =0.087 xe; (» Contact doping (J) «)

L=80.0%10" (-9); (+ Channel length (m) «)

W=1000.0%10" (-9); (+ Channel width (m) «)

©6=15.0%7/6; (» Crystal angle with respect to the x axis «)

dair =50.0%10" (-9); (« Thicknes of vacuum (m) x)

dsio2 =0%100.0% 10" (-9); (+ Thicknes of Si02 (m) «)

CBG = (eair xesio2) / ((dsio2xeair) + (dairxesio2)) ; (+ Gate capacitance (F/m"2) «)

nimp =0.0%10.0715; (¥1/m2 Density of Impurities IF nimp=0, gaussmooth must =0, if nimp#= Gaussmooth must =1x)
temp =@+ 1.5; (« Temperature of the sample (K) =)

ntmp = 7w/ 6% ((kB*temp) / (hbarxVF)) ~2; (+« Thermal carrier density «)

Rc =0.9; (» Contact Resistance (Ohm) «)

ge =3.0xe; (» Change in workfunction per % strain (choi2010) x)

€0=0.0/100.0; (~ Built-in strain «)

mine =1.0/100.0; (+ Minimum applied mechanical train )
maxe =1.9/100.0; (» Maximum applied mechanical train «)
Nestep =1; (« Strain steps «)

eStep = (maxe - mine) /Nestep; (« Size of strain steps «)

minB = 1.0; (+ Minimum applied B «)

maxB = 2.03; («2.05%) (» Maximum applied B «)
NBstep = 10; (» Strain steps «)

BStep = (maxB - minB) /NBstep; (+ Size of B steps «)

Vdirac = 0.0; (+« Dirac point position (V) «)

VgateMin = 5.0; (» Minimum gate (V) =)

VgateMax = 15.0; (« Maximum gate (V) «)

Nstep =10; (» Number of gate steps (V) =)

VgateStep = (VgateMax - VgateMin) /Nstep; (+ Gate step size )

Gausssmooth = @; (» Boolean, smooth over discontinuity at Dirac point caused buy nimp =)

(= Arrays )
(» Conductivity =)
Array [GG, (Nstep + 1) » (NBstep +1) - 1];

arranjo

(= Gate voltage, mechanical strain, fermi energy x)
Array[VVg, (Nstep + 1) » (NBstep +1) - 1];

arranjo

Array[BB, (Nstep + 1) = (NBstep + 1) - 1];

arranjo

Array[uu, (Nstep + 1) » (NBstep +1) - 1];

arranjo

Array[ee, (Nstep + 1) » (NBstep +1) - 1];

arranjo
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(*» Present goal: update the functions to include the effect of strain,

and get the new transmission amplitude expression. Then test it to see if it makes
physical sense. My current understanding is that phi, phil, px, and px1,

which are only evaluated at the edges of the channel, do not change. =x)

1= ClearAll["Global™ %"]

(*momenta parametersx)
¢1[p_, €l_, dl_] :=ArcSin[2 % (dl) * (1/ (el)) +Sin[¢]];

(#py[$_1:=exSin[¢]+(d/ (1b)"2) *)

px[¢_] := Cos[¢];

px1[¢_, €l_, d1_] := Cos[ArcSin[2 % (d1) = (1/ (el)) +Sin[¢]]1];

(*The effect of strain is simply to change the value of dl in ul and v1
from -d/1 to (-d-x,)/1 and in u2 and v2 from d/1 to (d-x,)/1=%)

(*Operators ux)
ulp[¢_, el ,dl_] :=
ParabolicCylinderD[ ( ((el) ~2) /2) -1, Sqrt[2] » ((-dl) + €l «*Sin[¢] +d1)] ;

ulm[¢_, el _,dl_] :=
ParabolicCylinderD[ (((€l) ~2) /2) -1, -1%Sqrt[2] » ((-dl) + €l *Sin[¢] +dl)]

u2pl¢_, el _,dl_] :=
ParabolicCylinderD[ ( ((€l) ~2) /2) -1, Sqrt[2] = ((d1l) + €l »Sin[¢] +dl)]

u2m[¢_, el ,dl_] :=
ParabolicCylinderD[ (((€l) ~2) /2) -1, -1%Sqrt[2] » ((d1l) + €l *Sin[¢] +d1)]

(xOperators vx)
vip[¢_, el _,dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, Sqrt[2] » ((-dl) + €l * Sin[¢] +dl)]

vim[¢_, €l _, dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, -1 %Sqrt[2] » ((-dl) + €l *Sin[¢] +dl)]

v2p[¢o_, €el_,dl_]:

ParabolicCylinderD[ ( (el) ~2) /2, Sqrt[2] » ((dl) + €l »Sin[¢] +d1)]

vam[¢_, €l_, dl_] :=
ParabolicCylinderD[ ((el) ~2) /2, -1%Sqrt[2] = ((dl) + el *»Sin[¢] +d1)]

(*D operator without strainsx)

Dop[¢_, el_, d1_] := ((el)"2) xExp[I«* (¢1[¢, €1, d1] -¢)] *

(ulp[¢, €l, d1] xu2m[¢, €1, d1] -u2p[¢, €1, d1] »ulm[¢, €1, d1]) -
2% (vip[¢, €l, d1] *v2m[¢, €l, d1] -v2p[¢, €l, d1] »vim[¢, €1, d1]) +
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I+Sqrt[2] «+el« (Exp[I+o¢l[d, €l, d1]]

(vip[¢, €l, d1] xu2m[¢, €l, d1] +u2p[¢, €l, d1] »vim[¢, €1, d1]) +
Exp[-I % ¢] » (ulp[d, €1, d1] *v2m[¢, €l, d1] +v2p[¢, €l, d1] »ulm[¢, €1, d1]))

(xtransmission amplitude without strainx)
tlo_,€el_,dl_] :=
(2*xIxelx (u2p[od, €l, d1] xv2m[od, €l, d1] +v2p[od, €l, d1] xu2m[¢, €l, d1])) /

(Exp[I* (px[¢] + px1[e, €l, d1]) x el »dl] *Dop[¢, €1, d1])

(xtransmission equation without strainx)
T[¢ , el ,dl ] :=2+pxl[p, €l, d1] » Cos[¢p] »t[d, €1, d1] » (t[¢, el, d1])*

(» Export general graphene transmission expression x)
SetDirectory[NotebookDirectory[]];

Export["Tphi_expr_Vve.0.mx", T[¢, €1, d1]]

"Tphi_expr_Vvo.0.mx"
ouf-]= Tphi_expr_V0.0.mx

ouf-1= Tphi_expr_Ve.0.mx
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n-1= (*D operator with strainsx)

Dops[¢_, €l _,dl_, dl1_, d12_] := ((el)"2) »Exp[I+ (¢1l[¢, €l, d1] -9)] *

(ulp[¢, €l, d11] x»u2m[¢, €1, d12] -u2p[o, €1, d12] * ulm[¢, €l, d11]) -
2% (Vip[¢, €1, d11] *v2m[, €l, d12] - v2p[¢, €l, d12] *vim[¢, €l, d11]) +
IxSqrt[2] xel x (Exp[I*o¢l[d, €1, d1]] *

(vip[¢, €l, d11] xu2m[¢, €l, d12] +u2p[¢, €1, d12] * vim[¢, €1, d11]) +
Exp[-I*¢] = (ulp[d, €1, d11] *v2m[¢, €l, d12] +v2p[¢, €l, d12] »ulm[¢, €1, d11]))

(»transmission amplitude with strainx)
ts[¢o_, €l_, dl_, dl1_, d12_] :=
(2*Ixel* (u2p[o, €l, d12] xv2m[¢, €l, d12] +v2p[é, €l, d12] » u2m[¢, el, d127)) /

(Exp[I * (px[¢] +px1[¢, €1, d1]) * €l »d1l] »Dops[¢, €1, d1, d11, d12])
(»transmission equation with strainx)
Ts[¢_, €l_,dl_, dl1_, d12_] :=
2+pxl[¢, €l, d1] » Cos[¢] * ts[, €l, d1, d11, d12] » (ts[¢, €l, d1, dl1, d12])*
SetDirectory[NotebookDirectory[]];

Export ["Tsphi_expr_Ve.mx", Ts[¢, €l, d1, d11, d12]];
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(**xxx%*xxx Conductivity in Graphene under Uniaxial Strain and Magnetic Field - Fixed B and Varying Strain sssxxxs*xx)

ClearAll["Global +"] (« Clear all values and definitions x)
apaga tudo

SetDirectory[NotebookDirectory[]]; (» Set the current working directory «)
define diretério diretério do notebook

Ts[#_, el_,dl_, dli_, dl2_] = Import["Tsphi_expr_VO.mx"]; (x Import the transmission probability expression x)
importa

NotebookImport["Params_strain_Vg_withB_Nov_2023.nb", "Input" -» "Expression"]; (» Import constants/variables/parameters x)
importa notebook

Abs[EF] W
Nmax [EF_] := IntegerPart| ———— » — +0.5]; (* Number of transmission modes, set by contact doping =)
parte inteira hxVvF i

kFcontact = uCont/ (A*VF) ;

(» For loop to increase magnetic field *)For[SStep = @, SStep < (Nestep), SStep += 1,

para cada

B = minB; (* setting B field «)
1b = Sqrt[hbar/ (exB)] ;

raiz quadrada
e = mine + SStep=xeStep;

(» Incremental mechanical strain »)

(» Magnetic Vector potentials along y direction x)
Ay[L_] :=- (e/ (hbar)) » (L/2) *B;

(« Strain Vector potentials along y direction «)

47 (e + €0) B (g +¢€0) (1+vV)
Ayl[E ] := ———— v Sin[#] + ———— Sin[3 % 9] ;
343 a seno 2a seno
27 (g + €0) 1 B (e+€0) (L+v)
Ay2[6 ] i= ———  |-—— v Sin[@] + vCos[8] | + —————  Sin[3 »x&];
3 a '\/E seno cosseno 2 a seno
27 (g + €0) 1 B (g +¢€0) (1+vV)
Ay3[8 ] iz ————— |-—— v Sin[#] -vCos[8] | + ———— Sin[3 % 9] ;
3a '\/E seno £0sseno 2a seno

(*Xo :A@(elgz//c) , and Ag=(hbar/e) xA_strain , so this means that x, is different in all 3 valley, since A_strain is different in each valley
so define x;= (hbar/e)« (elg?/c)xAyl, etc. x)

(xNow remember than DeMartino has different units than us,and in our units,

we replace their c by hbar.Such that in our code,A,(elg’/c) =Aq(elg’/hbar)=A_strains (elg®/hbar)x (hbar/e)=A_strainxlg’x)

x1= (1b) ~2xAyl[e];

x2 = (1b) ~2xAy2[6];

x3 = (1b) ~2xAy3[6];

dl = (L/2) /1b; (+need to calculate here for each B value, el is calculated later because it changes with Vgatex)

(xbecause of strain dl is now different on left side = dll, so define d111, d112, d1l13«)

dll1l = ((L/2) +x1) /1b;

dl12 = ((L/2) +x2) /1b;

dl113 = ((L/2) +x3) /1b;

(+xbecause of strain dl is now different on right side = dlr, so define dlrl, dlr2, dlr3x)

dlrl = ((L/2) -x1) /1b;

dlr2 ((L/2) -x2) /1b;

dlr3 ((L/2) -x3) /1b;

(» For loop to increase gate voltage =)

For|Step = @, Step < (Nstep), Step += 1,

para cada

Vgate = VgateMin + StepxVgateStep; (+ Incremental gate voltage )

(= Carrier density from gate and scalar potential «)
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cBG (ge* (1-v) * (e +¢€0))2
nc = — % (Vgate - Vdirac) + Sign[ge] * H
e 7t (hbar x vF)?2

(» Total carrier density =)

nimp
ntot = _[nc”2 +4*[[ ]"2+ (ntmp)"z] H
2

(x Fermi level in the channel «)

uCH = hbar *vF * If[nc # 0.0, Sign[nc], 1] * w/n*Abs[ntot] H

el = 1/7r*Abs[ntot] *1b; (xneed to calculate here for each B and Vg valuex)

(» Populate array with current strain, gate, and channel fermi level «)
Vg[Step + (SStep) * (Nstep + 1) ] = Vgate;

BB[Step + (SStep) * (Nstep + 1) ] =B;

upu[Step + (SStep) » (Nstep +1)] = uCH;

ee[Step + (SStep) » (Nstep +1)] = ¢;

(» Array for storing the average Tn x)
Nmodes = Nmax [uCont] ;
Array[TnA, 2+ (Nmodes + 1) , -Nmodes];

(» Initialize arrays «x)
GG[Step + SStep* (Nstep +1)] = @;

(«For loop to sum over all transmission modesx)

For‘[Nq = -Nmodes, Ngq < (Nmodes + 1), Nq +=1,

qnln = /W% (Nq-1/2)
qn2n = /W% (Nq - 1/2) Ay[L] - Ay2[e];
qn3n= /W% (Nq-1/2) Ay[L] - Ay3[e];
qnlp = w/W% (Nq-1/2) + Ay[L] +Ayl[e];
qn2p = /W% (Nq-1/2) + Ay[L] + Ay2[6];
qn3p = /W% (Nq-1/2) + Ay[L] + Ay3[6];
¢1n = ArcSin[qnln/kFcontact] ;

+

Ay[L] - Ayl[e];

+

+

¢2n = ArcSin[qn2n/kFcontact] ;

¢3n = ArcSin[qn3n/kFcontact] ;

¢1p = ArcSin[qnilp /kFcontact] ;

¢2p = ArcSin[qn2p /kFcontact] ;

¢3p = ArcSin[qn3p/kFcontact] ;

(« Average transmission for all 6 Dirac cones - modified to only keep positive values, and replace negative values by zeros,
basically using the fact that in experiment we have a bias voltage focing current in one direction onlyx)
TnAl = Re[Ts [¢1n, el, d1, d111, d1lrl]];

If[TnAl > @, , TnAl =0.0];
TnA2 = Re[Ts [¢2n, el, d1, d112, d1r2]];
If[TnA2 > @, , TnA2 =0.0];
TnA3 = Re[Ts[¢3n, el, d1, d113, d1r3]];
If[TnA3 2 @, , TnA3 =0.0];
TnA4 = Re[Ts [¢1p, el, d1, d1lrl, d111]];

If[TnAd > 0, , TnA4 = 0.0];
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TnA5 = Re[Ts [¢2p, el, d1, d1lr2, d112]];

If[TnA5 > @, , TnA5 =0.0];
TnA6 = Re[Ts [¢3p, el, dl1, d1r3, d113]];

If[TnA6 2 @, , TnA6 =0.0];

TnA[Nq] = (TnAl + TnA2 + TnA3 + TnA4 + TnA5 + TnA6) /6;

(*+ Sum over transmission modes to get conductance =)

4xen2 4xen2

GG[Step + (SStep) » (Nstep +1)] += * TnA[Nq] * [ ] A (-1);

Pixh

(xBuild table of data: Gate voltage, conductivity, magnetic field, strain, Fermi energy in the channelx)
TB1 = Table[{VVg[n], Re[GG[n]] *L /W, BB[n], ee[n], uu[n] /e}, {n, @, (Nstep + 1) » (Nestep +1) -1, 1}];

(x Add headers to columns «)

TB2 = Prepend [TB1, {"vg", "Sig", "B", "Strain", "EF"}];

Export["test14022024_1Tfield_1p9tolp99strain.dat™ , TB2, "Table" ]

ouf-]-= test14022024_1Tfield_1p9tolp99strain.dat
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(**xxx%*xx+ Conductivity in Graphene under Uniaxial Strain and Magetic Field - Fixed Strain and Varying Magnetic Field ss#xxx%xx)

ClearAll["Global +"] (« Clear all values and definitions x)
apaga tudo

SetDirectory[NotebookDirectory[]]; (» Set the current working directory «)
define diretério diretério do notebook

Ts[#_, el_,dl_, dli_, dl2_] = Import["Tsphi_expr_VO.mx"]; (x Import the transmission probability expression x)
importa

NotebookImport["Params_B_Vg_with_strain_Nov_2023.nb", "Input" -» "Expression"]; (» Import constants/variables/parameters x)
importa notebook

Nmax [EF_] := IntegerPart[ (Abs[EF] / (A*VF)) * (W/x) +@.5]; (« Number of transmission modes, set by contact doping «)
parte inteira valor absoluto

kFcontact = uCont/ (A*VF) ;

(» For loop to increase magnetic field *)For[BBstep = @, BBstep < (NBstep), BBstep += 1,
para cada

B = minB + BBstep xBStep; (» Incrementing B field »)
1b = Sqrt[hbar/ (exB)] ;

raiz quadrada

e =ming;

(» Magnetic Vector potentials along y direction =)
Ay[L_] :=- (e/ (hbar)) % (L/2) *B;

(» Strain Vector potentials along y direction «x)
Ayl[6 ] := ((4n (e +@)) /(3+V3a)) vSin[o] + ((B(c+€0) (1+v))/(2a)) Sin[3 *x&];

seno seno
Ay2[&6. ] := ((27 (e + €0)) / (3a)) (-(1/ («/3)) vSin[e] + vCos[&]) + ((B (e+¢€@) (1+v))/(2a)) Sin[3 x&];
seno cosseno seno
Ay3[& ] := ((27 (¢ +€0)) / (3a)) (-(1/ («/3)) vSin[e] - vCos[&]) + ((B (e+¢€@) (1+v))/(2a))Sin[3 x&];
seno COSseno seno

(*Xq :A@(\ele//C’] , and Ag=(hbar/e) «A_strain , so this means that x, is different in all 3 valley, since A_strain is different in each valley
so define x;=(hbar/e) « (elg?/c) Ayl, etc. x)

(xNow remember than DeMartino has different units than us,and in our units,

we replace their c¢ by hbar.Such that in our code,A4s (elg?/c) :Ae(elgz//"hbar:> =A_strain+ (elg?/hbar) « (hbar/e) =A_strains1g’x)

x1 = (1b) *2xAyl[6];

x2 = (1b) "2 xAy2[6];

x3 = (1b) *2xAy3[6];

dl = (L/2) /1b; (xneed to calculate here for each B value, el is calculated later because it changes with Vgatex)

(xbecause of strain dl is now different on left side = dl1, so define dl1l1, dl12, dl13«)

dl11 = ((L/2) +x1) /1b;

dl12 = ((L/2) +x2) /1b;

dl13 = ((L/2) +x3) /1b;

(xbecause of strain dl is now different on right side = dlr, so define dlrl, dlr2, dlr3x)

dlrl = ((L/2) - x1) /1b;

dlr2 = ((L/2) - x2) /1b;

dlr3 = ((L/2) -x3) /1b;

(= For loop to increase gate voltage x)
For‘[Step = 0, Step < (Nstep), Step+= 1,

para cada

Vgate = VgateMin + Step=xVgateStep; (» Incremental gate voltage )

(= Carrier density from gate and scalar potential )
nc = (cBG/e) + (Vgate - Vdirac) + Sign[ge] * ((ge* (1-v) * (¢ + £0))?/ (m (hbarxvF)?));

funcéo de sinal

(» Total carrier density «x)
ntot =4/ (N2 + 4% ((nimp/2) A2 + (ntmp) ~2));

(» Fermi level in the channel «)
UCH = hbar + VF + If [nc # 0.0, Sign[nc], 1] #+/ (;r+Abs[ntot]);

se funcéo de sinal valor absoluto
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el = —\/(n*Abs[ntot]) +1b; (xneed to calculate here for each B and Vg valuex)

(» Populate array with current strain, gate, and channel fermi level x)
VVg[Step + (BBstep) » (Nstep + 1) ] = Vgate;

BB[Step + (BBstep) » (Nstep + 1) ] =B;

puu[Step + (BBstep) » (Nstep +1)] = uCH ;

ee[Step + (BBstep) » (Nstep+1)] =¢;

(» Array for storing the average Tn )
Nmodes = Nmax [uCont] ;
Array[TnA, 2 (Nmodes + 1) , -Nmodes] ;

(» Initialize arrays =)
GG[Step + BBstep* (Nstep +1)] = 0;

(xFor loop to sum over all transmission modesx)
For[Nqg = -Nmodes, Nq < (Nmodes +1), Nq +=1,

qnln = 7w /W% (Nq-1/2)
qn2n = /W% (Nq - 1/2) Ay[L] - Ay2[e];
qn3n= /W% (Nq-1/2) Ay[L] - Ay3[e];
qnlp = w/W* (Nq-1/2) + Ay[L] +Ayl[e];
qn2p = /W% (Ng-1/2) + Ay[L] +Ay2[6];
qn3p = /W% (Nq-1/2) + Ay[L] + Ay3[e];
¢1n = ArcSin[qnln/kFcontact] ;

+

Ay[L] - Ayl[e];

+

+

¢2n = ArcSin[qn2n/kFcontact] ;

¢3n = ArcSin[qn3n/kFcontact] ;

¢1p = ArcSin[qnilp /kFcontact] ;

¢2p = ArcSin[qn2p / kFcontact] ;

¢3p = ArcSin[qn3p/kFcontact] ;

(« Average transmission for all 6 Dirac cones - modified to only keep positive values, and replace negative values by zeros,
basically using the fact that in experiment we have a bias voltage focing current in one direction onlyx)
TnAl = Re[Ts [¢1n, el, d1, d111, d1lrl]];

If[TnAl > @, , TnAl =0.0];
TnA2 = Re[Ts [¢2n, el, d1, d112, d1r2]];
If[TnA2> @, , TnA2 =0.0];
TnA3 = Re[Ts [¢3n, el, d1, d113, d1r3]];
If[TnA3 2 0, , TnA3 =0.0];
TnA4 = Re[Ts [¢1p, el, d1, d1lrl, d111]];
If[TnA4 > 9, , TnA4 =0.0];
TnAS5 = Re[Ts [¢2p, el, d1, d1lr2, d112]];
If[TnA5 > @, , TnA5 =0.0];
TnA6 = Re[Ts [¢3p, el, d1, d1r3, d113]];

If[TnA6 > @, , TnA6 =0.0];

TnA[NQ] = (TnAl + TnA2 + TnA3 + TnA4 + TnA5 + TnA6) / 6;

(«+ Sum over transmission modes to get conductance =)
GG[Step + (BBstep) » (Nstep +1)] += ((4*e”2) /h) x TnA[Nq] = ((4*e~2) / (Pixh)) " (-1);

15
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(xBuild table of data: Gate voltage, conductivity, magnetic field, strain, Fermi energy in the channelx)
TB1 = Table[{VVg[n], Re[GG[n]] xL /W, BB[n], €e[n], uu[n] /e}, {n, @, (Nstep + 1) » (NBstep +1) -1, 1}];

tabela parte real
(= Add headers to columns x)
TB2 = Prepend [TB1, {"vg", "Sig", "B", "Strain", "EF"}];

adiciona no inicio

Export["piru.dat" , TB2, "Table" ]

exporta

ouf-)= piru.dat

inf-}= "G_DeMartino_strain_24112023 B_Vg_sl.dat"
ouf-}= G_DeMartino_strain_24112023_B_Vg_sl.dat
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